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A Survey of the Posaibility of Short-Range Radio

Predictions from Meteorological Data

it VR PNTRTREAITYEORG SRS R TR

by

vy

L. P. Riggs and C. A, Samson

P

~ The results of a literature survey of weather-

i related effects on tropospheric radio propagation are
summarized and presented in tabular form. Consideration
of the available weather data, the prediction probability
for various weather factors, and the limited knowledge

of radio-weather relationships, leads to the conclusion
that only very limited propagation predictions based on
weather data are possible at present.
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1.0 Introduction
Troposphzric radio propagation may be affected by weather

phenomena through the processes of absorption, diffraction, reflection,

s,

scattering, and refraction. One of the most important of these processes
is the refraction resulting from stratifications of temperature and
humidity in the lower layers of the atmosphere. Depending upon relation-
ships with other factors, such as antenna height and topography, the
changes in the radio refractivity resulting from these stratifications may

improve or degrade microwave communications. Some statistical data

TS,

on ducting, trapping, subrefraction,and superrefraction are already
available (e.g., Bean et al., 1966), however more detailed information
is needed on the specific meteorological circumstances that result in the

short-period variations observed in radic propagation. In particular, it
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would be useful if weather forecasting techniques could be applied to the
prediction of periods of anomalous propagation.

Since a thorough understanding of the relationship between
radio propagation and weather phenomena is a prerequisite for short-term
propagation forecasts, an extensive search of the literature was made to
determine the current state of knowledge in this field.

in table 1, pages 75 to 83, the reported radio-meteoroligical

relationships are summarized by categories {e.g., air masses, fog, pressure

systems,and fronts). The table also lists the radio frequency used, the
path length involved, the country or geographic region where the research
was performed, and the page in the text where additional details may be
found.

Any system of propagrtionforecasting based on weather data will

be heavily dependent on the quality of its weather forecasts, i.e., the

weather in a particular area or along a particular circuit must first be

predicted, then the effect of the forecast weather on each radio circuit
must be calculated. In section 8 of this report the problems involved in
detailed short-range weather forecasting are considered, as well as the
probable accuracy of forecasts for various time intervals. Estimates
have alsc been made of the feasibility of certain types of radio-meteoro-
logical vredictions using currently available data and forecast techniques.

Definitions of a large number of meteorological terms are contained in

section 13,

o v st Aney san St
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2.0 The Radio Refractive Index

The radio refractive index is defined as the ratio of the speed of

propagation of a2 radic wave in a vacuum to the speed in a specified medium.

At standard conditions of pressure and temperature near the earth's
surface, the radio refractive index, n, has a value of approximately
1,0003. When evaluating refraction effects, it is generally more con-

venient to use a scalied-up value, N, called refractivity, which may be

obtained i:hrough use of the formula: f
6 77.6 4810 e, RH

= - = ——— )
N =(n-1) 10 T l + T
where P = observed pressure in millibars
T =

observed temperature in degrees Kelvin

e, = gaturation vapor pressure in millibars

RH = relative humidity in percent

The Smith-Weintraub constants (1953) give an overall accuracy of + 0.5

percent for N up to frequencies of abor- 30 GHz.

When normal vertical distributions of temperature and humidity

prevail in the lower atmosphere, the refractive index gradient is about

-40 N-units/km, and horizontally directed radio waves will have a down-

ward curvature about one quarter of that of the earth. When the temperature

pr-_ile shows an increase with height or the humidity profile shows a

decrease with height, or both conditions occur simultaneovsly, the refractive

gradient may reach the superrefractive value !{dN/dh < -100 N-units/km),

or the critical "ducting' intensity (dN/dh < -157 N-units/km). Ducts near
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the earth's surface tend to bend radio energy along the earth's contour
(smooth), and very high field strengths may be recorded well beyond the
normal radic horizon. If the relative humidity increases with height, or
if there is an excessive temperature lapse rate, or if both occur simul-
taneously, 2 positive or subrefractive gradient may form (dN/dh = 0 N-
units/km). Under these conditions the radio rays will bend upward.

Bean (1954) studied refractivity profiles for two radiosonde

stations within 160 km of a 112-km path in Colorado. Over about a 2-mo.

period, the presence of ducting gradients at these stations was found to
coincide with the occurrences of fadeouts more than 75 percent of the

time (1046 MHz transmissions, one terminal 1100 m above the other).

ot aton A e o - e ha e
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The most persistent and strongest refractivity gradients are those
found in the vertical (Moreland, 1965), and the strongest and most persistent
contribution to the decrease in refracztivity with height is the decrease in

pressure, which amounts to about 35 mb in the first 200 m above sea level.

W IPLY B RO

In the horizontal plane, such a pressure change would normally occur
over a distance of several hundred kilometers, even in the vicinity of a

deep low pressure system. The vertical changes of temperature and
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humidity are also normally more pronounced than those in the horizontal .~
Therefore, we are concerned in the vast majority of cases only with the
vertical gradients of refractivity, and since the change of pressure with

height is relatively constant, the variations of temperature and humidity

=

S b AR AR SRR S e

in the vertical are of primary importance in studies of the variation of
the refractive index,

Based on the equation AN = An x 106 =0.3Ap + 5 Ae -1 AT (where
P = barometric pressure, e = pressure of water vapor, T = temperature)
Lane (1965) states that the constants in this equation, derived from a
height of 1 km, do not appreciably change with height between 0 and 3 km;
he therefore concludes that any change in refractive index exceeding
about 10 N-units in this region must be caused mainly by a change in
humidity. Durst (1946) gave the critical value of the specific humidity
change necessary for ducting as 0.5 g/kg/30 m, and Bean and McGavin
(1965) have shown that the turbulent fluxes of the radio refractive index

and the absolute humidity are linearly related.

Other references also indicate that humidity variations are of

greater importance than temperature changes in affecting the refractivity

I <3 .
When "humidity" is used, unless otherwise specified, relative humidity

is assumed, i.e., the ratio of the actual vapor pressure to the saturation
vapor pressure at a given temperature. Absolute humidity refers to the
mass of water vapor per unit volume of air; the mixing ratio is the mass
of water vapor per unit mass of dry air; specific humidity is the mass of
water vapor per unit mass of moist air. The difference between specific
humidity and mixing ratic is very small and in practical applications they
are used interchangeably.
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at lower levels in the middle and low latitudes, although the vertical

temperature variations are primarily responsible for the degree of

stability iu the lower atmosphere. However, in the most northerly latitudes

the surface temperature inversicns are the most important factcr in the

formation of strong refractivity gradients.

With regard to the variation of humidity with change in refractivity,
Wickerts (1964) has observed that in areas where the ambient humidity is

high, the variation in refractivity is generally low. When the ambient

humidity is low, refractivity variations are apt to be large. Wickerts

further states that, in moist air, large humidity variations are apt to
occur (a) by advection of drier air; (b) in subsidence inversions, and

{c) in heavy downdrafts near cumulonimbus clouds. In the case of dry air,

large variations in humidity generally occur (a) by advection of moist air,

(b) by convection, and (c) by subsidence inversions. Large changes in the

relative humidity may also be observed in the early morning as solar

heating starts to dissipate any moist surface layers that may have formed

during the night,
3.0 Atmospheric Processes Influencing Refraction

A reiractive gradient is the result of a temperature inversion,
a humidity lapse, or a combination of both. Modifications of existing

temperature and humidity profiles {(and refractive gradients) are related

to the processes of radiation, turbulence aund convection, advection, and

subsidence.
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3.1 Radiation

e,
1

Over land svrfaces the large diurnal change in solar and

terrestrial radiation is reflected in the diurnal refractive conditicns.

VT, SRR, SRS
.

During the daytime, standard propagation conditions, and possible sub-

refractive surface layers, can be found in the lovier atmosphere, especially

AR o ARSI O a0 L ST A RN

near the time of maximum heating. A clear sky at night with light winds

results in a large radiative heat loss from the surface of the earth, and

e\ e

RPN LT IS

a surface or slightly elevated superrefractive layer may be found at the

o

WS

time of maximum cooling, generally at sunrise. This nocturnal inversion

may extend as high as 300 m and the associated refractive gradient may be

strong enough to cause ducting. This process is not a significant factor

g K SNAWA 2P Y

in the formation of strong refractive gradients over the ocean because
; there are no large diurnal variations in temperature over large water

areas,

3.2 Turbulence and Convection

Convection is a principal means of energy transfer. As used in
meteorology it describes atmospheric motions that are predominantly
vertical. During daylight hours strong insolation may create a superadiabatic
lapse rate just off the ground, especially at the time of maximum heating,
that may form a subrefractive layer as thick as 700 m. Moisture is

transported upwards by convective turbulence, tending to form a uniform

ooy

mixing ratio in the turbulent layers. With very intense convection, the
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vapor pres-ure may even increase with height, to form what has been
termed a "mixing rativ inversion' {Thayer, private communication, 1967).

Refractive profiles associated with daytime heating range from standard

to subrefractive depending on the solar in*ensity. The general shape of

the profiles can be estimated by considering the air mass type, the nature
of the land surface, the anticipated cloud cover, and the wind velocity.
Generally speaking, the greater the degree of turbulence, the closer the

actual refractive conditions will approximate standard profiles.
3.3 Advection

Advection is effective in duct formation, with the most common
case being that of warm, dry air moving from land over the cold waters
of the oceans. Evaporation plays an important part in this process by
raising the humidity value in the layers just above the water, and the
accompanying temperature inversion serves to limit the vertical diffusion
of water vapor. Advection-formed ducts are usually quite shallow and are
sometimes referred to as "evaporation ducts.’ Advection may cause
similar refractive effects over land, e.g., dry warm air moving over a

cold ground surface can form a duct similar to those found over the oceans,

if the ground surface is moist. In general, however, conditions for

advective ducts dc not exist as frequerily over land as over the oceans.
Jeske (1964) observed that in the coastal areas of Germany advection-

formed ducts cause high field strengths. He also found that evaporation

B LD SAIR AT AR A s o 210 02

o ot

Ly
A

SRt s gt




RN

ducts exceeding 19 m i thickness occurred only | percent of the time
during a test pexriod in 1962,

Jenkinson (1966) found that in the Bass Strait area of southern
Australia fading occurred more frequently with off-shore (northerly) winds
than with winds from the ocean. The fading was due to superrefractive
conditions caused by advection (warm continental air moving out over the
cool water). Seasonally, there was considerably less fading in the winter
than in the summer. Jenkinson found one especially serious type of fading
which he called the ''depressed median'' type. It generally occurred for
a period of several hours in October of each year. For periods exceeding
an hour, the median signal level would drop as much as 20 dB below its
normal level, with a deeper, rapid type of fading. Two explanations were
offered to account for this phenomenon: (a) subrefraction producing a
large diffraction loss, and (b) ducting which isolated the receiver and
transmitter from each other,

Wide variations in refractive gradients on nominally line-of-sight
microwave paths can cause a severe form of fading sometimes referred
to as "K' type fading (Ugai, 1961; Fukushima et al., 1962; Dougherty and
Wilkerson, 1967). This includes both phase-interference or multipath
fading and diffraction or "earth-bulge'* fading and may be particularly

severe on maritime paths.,
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3.4 Subsidence

Subsidence is the slow settling, or subsiding, of air that occurs

in a high pressure system. The process is adiabatic and there is a rise

in air temperature. This results in the formation of a stable layer, a

temperature inversion, and a corresponding decreace in relative humidity.
If this dry air, which has descended from high levels of the atmosphere,
overlies a cooler moist air mass (such as those found over the oceans), an
elevated superrefractive layer may be formed. The effects of subsidence

are generaliy found above 1500 m except in subtropical areas where such

effects are observed at lower levels. Subsidence ducts, especially in the

trade wind regions, may extend over large areas and be quite

persistent. Subsidence effects over land are usually not as extensive

as those over the oceans and are not as persistent. Subsidence acts to

intensify superrefractive layers and tv eliminate subrefractive layers

(Moreland, 1965).

4.0 Ray Bending by Refractivity Gradients

Pressure, temperature, and humidity generally decrease with

height in such a manner that N also decreases with height. Under such a

condition, horizontally transmitted radio waves are bent toward the earth's

surface. Most of the propagation anomalies in the troposphere are

caused by this bending, which is caused, in turn, by gradients of refractive

index rather than by the actual value of the index. In an atmosphere where
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N is constant, there is no refraction regardless of the value of N (More-
land, 1965). Also, only those radio rays which leave a transmitter at a
very small angle are affected by the vertical variations of the refractive
index. Both theoretically and practically it has been found that the effects
of nonstandard refraction are negligible for rays that leave the transmitter
at an angle with the horizontal of more than about 1. 5°. When this angle

is less than 1. 50, and especially if 0. 5° or less, the radio rays are
strongly affected by nonstandard refraction (Burrows and Attwood, 1949).

A consideration of temperature and humidity gradients would
suggest that radio ducting gradients (dN/dh < -157/km) are generally found
below 3 km, and there are indications that they are seldom found above
that height. Cowan (1953) found that ducting gradients were generally
observed below the first kilometer above the earth's surface. Cn the
average, 30 percent of the totul bending cccurs in the first 100 m for an
elevation angle of zero dzgrees, arnd 60 percent takes place in the first
kilometer avove the surfa~e (Bean and Thayer, 1959).

Bean (1959) compiled a climatology of surface radio ducts occurring
in the various climatic zones using radiosonde data from three represent-
ative stations: Swan Island, West Indies (tropical); Washington, D, C.
(temperate); and Fairbanks, Alaska (arctic). Based on an analysis of
3 to 5 yr. of data (using February, May, August, and November), he

found that the maximum observed incidence of ducts was 13 percent in

11
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the tropics, 10 percent in the arctic, and 5 percent in the temperate zone.

A more recent study (Bean et al., 1966) shows as high as 85 percent '
ducting in the tropics in August and 55 percent ducting in Antarctica in

August. The ducts are usually associated with pronounced surface

temperature inversions (when the surface temperature is less than about

-25°C) anda slight humidity lapse in the arctic, with radiation temperature
inversions and associated humidity lapse in the temperate zone, and a

slight temperature and humidity lapse in the tropics.

Swan Island shows a slight temperature decrease and humidity
lapse, in contrast to Washington, D. C., and Fairbanks, Alaska, both of
which show a temperature increase and humidity lapse. This seeming
contradiction is explained by Bean as resulting from the strong vapor
pressure lapse associated with a moderate temperature lapse when the
surface temperature is about 30°C. as shown by Swan Island. The strong
vapor pressure gradient apparently is caused by evaporation from the sea
surface, In the humid tropical interior, similar behavior can
apparently be caused by evapotranspiration from a rain forest
environment,

The annual maximum of ground-based ducts for an arctic station
occurs in the winter and for tropical stations is observed in the summ.r.
The ducting gradients at Swan Is)ans are about 90 percent due to humidity

lapses, while ducting gradient{s a’ ¥airbanks, Alaska (wintertime maximum),

12
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are all caused by strong temperature inversions associated with very low

suriace temperatures. The temperate zone ducting seems to be based on

a combination of arctic and tropical ducting mechanisms, depending on

PR r o

i A

the seasoas., The winter ducts of the temperate zones appear to be of the

dry-term arctic type, while the summertime ducts are mostly of the

n e ns v

tropical humidity-lapse type.

Estimates of the probability of superrefractive and ducting
gradients in all parts of the world may be obtained from a recently
published atlas of radio refractivity (Bean et al., 1966), which is based

on an expanded study of the climatic influence on radio refractivity.
5.0 Reiraction Effects Related to Farticular Weather Phenomena
5.1 Surface Temperature Inversions

Temperature inversions alone are seldom strong enough to produce
a duct in the middle and low latitudes, although they are a most important
faccor in the process. In the tropics, low stiratus clouds or extremely
high moisture content would lessen the chances of duct formation (Bean
and Dutton, 1966). In polar regions, however, temperature inversions
are of the greatest irnportance in the formation of radio ducts.

Gough (1962) conducted tests along the Arabian Gulf using 80 MHz
over a 130-km mixed land-water path. Periodic occurrences of strong
inversions were observed at 0600 local tinue along with abnormally strong

radio signals between Bahrain and Doha, Arabia. A rapid drop of about

13
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40 dB was observed at about 0930 when the inversion layer was dispersed
by the morning convection. A slow return to stratification was noticed
about 1700. During September the mean diurnal difference in signal

strength was about 40 dB, while in January only a small diurnal variation

was observed.

Day and Trolese (1950) found that during winter in the Arizona
desert nocturnal radiation could produce surface ducts strong enough
to appreciably affect microwave propagation. The diurnal change varied
from a negligible value at 63 MHz to as high as 50 dB at microwave
frequencies. The frequencies of 25, 63, 170, 520, 1000, 3300, 9375, and
24, 000 MHz were used in this series of tests.

Ikegami (1964) observed that the field strength of microwave trans-
missions showed a prcnounced increase during periods of '"'mirage'
occurrences, which are caused primarily by temperature changes. In
Japan mirages are known.to occur frequently in the coastal areas, especially
in Toyama Bay from May to July. lkegami also stated that microwave
fading for line-of-sight paths tended to increase progressively from
inland areas to the oceans, and that deep fadings were seen over sea and
coastal areas.

Ugai et al. (1961) conducted field experiments in August 1958 and
May 1959 using frequencies of 1500, 4000, 6720, and 11,000 MHz. A path
between Asahi and Toyama Bay, Japan, was chosen because the -

meteorological conditions in this area were considered to be characteristic

14
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of areas along the Japanese Sea and, as menticred above, because of the
frequent occurrences of mirages. Moderate fading was observed in
August, but the greatest fading range and frequency occurred in May.
Surface ducts were frequently observed during the day in May and the
usual diurnal trend was absent. Ducts 50 m or less in thickness had no
particular peak of occurrence, while ducts 20 m in thickness were almost
continually observed when mirages were present,

Gough (1955) made tests using 77.47 MHz and 174 MHz on about
100 paths of varying length in the tropics and the Mediterranean. The

following remarks are based on his results: West African land paths

(Nigeria and the Gold Coasi) -many showed marked diurnal signal

variations, ranging from steady daytime signals to very disturbed
nocturnal signals attaining abnormally high levels and frequent periods of

deep fades. Lake Victoria path - higher frequencies faded on this 82-km

path., Coastal paths - these showed pronounced stratification but were

free of land-type diurnal effects. West Africa ccastal paths - free of

diurnal variation. Fades were due to elevated ducts. Israel-Cyprus path-

appreciable downward trend in signal level in the autumn; 174-MHz signals

were less reliable than 77.47 MHz because of occasional loss of signal

below noise level. Oveswater fading ranges - the fading ranges for the
Gold Coast, Malaya, and the Mediterranean were about the same. Over-

land fading ranges - paths in Malaya, Ceylon, and East Africa showed
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simiiar and less intense fading characteristics than those in other regions,
primarily; because of reduced atmospheric layering. The paths in Nigeria
and the Gold Coast, however, showed marked nocturnal radiation fading
almost 10 the same degree as that found on overwater paths,

Baynton et al. (19652a) studied the effect of surface temperatures
and wind velocities on the formation of surface temperature inversions at
Point Arguello, California. The radiation inversions observed at 0400 local
time are most frequent in the winter when the surface winds blowing from
the interior are at their peak. These offshore winds represent a iand
breeze. The nocturnal inversions apparently develop when the downslope
drainage of air is cold enough to slide under the marine layer. The
critical surface temperature for the formation of this overland inversion
is about 9OC. The nocturnal inversion in this area is most frequent in
winter, whereas ior most continental locations the peak is in summer.

Jeske (1964), using frequencies of 160) MHz on a 61.7-km path
and 690 MHz, 2 GHz, and 7 GHz on a 77. 2~-xm path (16.5 GHz on a
77.2-km path was used less frequeitly) observed that propagation
properties over the German Sea at these frequencies were largely deter-
mined by the persistent low-level evaporation duct present. In 80 percent
of all cases a good correlation between the field strength and thickness of
the duct was obtained, and scintillation-'ype fading was also noticed. For

the normaliy used frequencies,the r:lationship was more marked the
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higher the frequency. Total trapping was found only for 7 GI—iz, and
the field strength nearly reached the free space vaiue. The 16.5-GHz
frequency also would be expected to show total trapping, but it was used
too infrequently for any positive conclusions to be reached. Jeske also
observed that an increase in duct thickness from less than 1l m to 20 m
corresponded to an increase in field strength of about 60 dB. The above
correlations between field strength and duct thickness were characterized
by correlation coefficients of 0.85 (7 GHz), 0.72 (2 GHz), 0.58 (600 MHz),
and 0.53 (160 MHz). The correlation for 16.5 GHz was worse than the
correlations for 7 GHz and 2 GH«. This is partly because the path was
used too infrequently to get firm results and also because the critical
thickness of the duct for this frequency was only about 8 m. Some errors
in calculating this small duct thickness caused a disproportionately large
scattering of points on the graph of field strength versus duct width. Then,
too, Jeske noticed that this frequency showed perceptible absorption effects
from rain and water vapor,
Ikegami (1959) studied the effect of radio ducts upon microwave
fading on a 54.8-km path in Japan using 3892 MHz and 4020 MHz, with a
312-m tower. He observed that severe fading occurred zlmost every
night {November 1954) because of intense diurnal variations in the
temperature and humnidity gradients just above the earth's surface (tenmi-

perature inversion and marked humidity lapse). Large fading occurred
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on a horizontal path 1\f the duct was near the height of the antenna, or if

the duct was near the height of the lower terminal of an oblique path {termi-
nal antennas were at different heights). No significant effects were noted if
the ducts were higher than 160 m. Ikegami et al. (1966) also found good
correlation between the day-to-day variations in fading range and the

freguency of occurrence cf ducts near the transmitter height.

Hay and Poaps {1959a) studied eignal fadeouts using a frequency of
2 GHz over a 34-km path near Ottawa, Canada. The duration of the fade-
outs varied from a few minutes to several hours, and occurred more
frequently in summer than winter and more frequently at night than during
the day. The fadeout was weak if the transition was from dry air below
to moist air above, but the fadeout was strong if the transition was from
moist air below to dry air above. This fadeout {when the signa. strength
decreased by more than 5 dB from the mean) accompanied a shallow
transition layer in air varor pressure through a layer thickness of atuut
30 m. These transitions were observed witkin several hundred meters
of the ground and near the height of the antenna (60 m). The conditions
for wcak fadeouts are found at Ottawa most of the yezr, but the conditions
for des=p fadeours are absent in colder weather, These transitions seem to
dep=nc on tue vertical stability of the air, since they are generaliy
observed at night when a high pressure system is present. They fade

rapidly after the sun heats the surface.
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5.2 Flevated Temperature Inversions

Jeske (1964) points out that the appreciable infiuence cf tze low-
level evapcration duct can be exceeded by other metecrological processes
at higher Jevels, such as advection- and subsidence-produced elevated

temperatur2 inversioas, which bring about gocd propagation conditicns

§
3
|
2
&
H

for all wavelengths by partial trapping. In about 20 percent of the cases
studied, where there was no correla.. n between high field strength and i
the low-level ducts, the higher fields cculd be attributed to elevated
temperature inversions or advection ducts. The high fields in these
cases were subject to long-period interference fading.
Crain 2t al. (1954) studied the oc:urrence of elevated refractive
gradients in different sections of the United States. I« souihwestern Ohio
in July and October persistent occurrences of «levated superrefractive
layers were found at about 1200 to 2100 m. These layers showed great
daily variation in amplitude and elevation, and their presence was
generally indicated by a sharply defined haze layer and a stratus cloud
boundary. The stronger layers were normally associated with a tem-
perature inversion of 1 to 3°C. Elevated layers were observed with beth
tropical rnaritime and polar continental air. Tropical maritime air
seemed to show a relatively uniform height variation of refractive index
not noticed when polar continental air was present. Strong refractive
layers were observed at the interface of the two types of air masses when

tropical maritime air overlaid polar continental air (warin front conditicnsl.
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Along the east coast of the United States in November and
December Crain again found persistent occurrence of elevated super- )
refractive layers, but they showed a considerably reduced amplitude from
those observed in other test areas. This was to be expected, since the
winter air masses would tend to have much less moisture content, and
therefore there would be less chance of an intense moisture gradient. The
strongest refractive gradient observed along the eastern seaboard was
associated with a warm front. Crain also found refractive index
differences of 40 to 50 N-units between isolzted cumulus clouds and the
ambient air. These differences may possibly be explained on the basis
of the difference between the ambient air refractive index and that of
vertically moving air currents which have a refractive index representative
cf a lower atmospheric level.

Crain noticed a persistent occurrence of strong refractive layers
off the Washington coast in August and September, and off the California
coast in October. The most commonly observed layers were associated
with stratus cloud layers in the first few kilometers above the surface.
The frequency of occurrence of these refractive gradients is greatly

influenced by the absence or presence of the trade wind inversion.

In a field experiment at Los Angeles, California, Flock et al.
(1960) used a frequency of 36 GHz on a line-oi-sight path and observed

small fading ranges (<0.5 dB) if temperature inversions weie present
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that were appreciably higher than the antenna height of about 150 m. If
the inversion layer was lower than the antenna height, or if = surface
invcrsion was present, the fading range miglt reach 30 dB. The fading

range was much lower duriag the day than during the night.
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Kitchcn et al. {1958) in field tests using 86 MHz and 2G3.5 MHz
on an overwater path of about 600 km, found that because of the presence
of an elevated duct the 86-MHz signal was received almost continuously
out to about 600 km. As a result of a surface duct (about 900-m thick)
high and steady signal levels were observed on 203.5 MHz to a distance

.bout 200 km, but beyond this point the signals showed deep and rapid
fading.

Lane and Sollum (1965) using 186 MHz and 174 MHz over distances
of 140 and 300 km in England, found that subsidence and associated strong
refractive layers in the height range of 300-1000 m were especially
important in affecting microwave propagation. The greatest signal
strengths were observed when stable layers were present in the range of
0.5 h0 to ho (where h(’ is the height of the point of intersection of horizon
rays from the terminals, using 4/3 earth radius). Lane (1965) akso observed
changes of 20 to 25 N-units in layers of less than a few meters thickness
and several tens of kilometers in horizontal extent. Large refractive
gradients were found infrequently in clear air just below the more stable

inversion layers and also just above the earth's surface. On rare
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occasions, under conditions of extensive high pressure, the strength of
the refractive layers remained essentially the same for horizontal ranges
of about 100 km. Lane's examination of about 100 radiosonde soundings
showed a median thickness of about 100 m for strong layers, 25 percent

were thinner than 40 m, and 10 percent were less than 8 m in thickness.
5.3 Land and Sea Breeze Circulations

When the pressure gradient is weak in coastal areas (oceans, seas,
or large l‘ake,:) local wind circulations may develop. During the daytime,
under the influence of solar radiation, t : soil heats faster than the water,
and the air near the surface is warmed and rises. This results in a
pressure gradient that causes the relatively cool and moist air over the
water to flow from sea to land. This sea breeze occurs along and
generally perpendicular to the shore line, and is normally more intense
where the land is barren than where it is covered with vegetation.
Normally the sea breeze extends inland only a few kilometers and at
most about 65 to 80 km: (Landsberg, 1960).

The reverse of the sea breeze is the land breeze, which develops
as the land becomes colder than the sea at night (since water retains its
heat better than land). The land breeze is generally shallower and weaker
than the sea breeze. Land and sea breezes are best developed during the

dry season, with clear skies, light gradient wind, and a straight section
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of the beach. Where the coast line is rugged, the winds are subject to

many microscale variations, and slope or valley winds may also com-

T &wwﬂdm@w

plicate flow patterns.

Sharp humidity lapses found with land and sea breeze circulations
may form strong refractive gradients or modify existing refractive
conditions. If there is a strong off-shore movement of dry air aloft, a
boundary region between the two adjacent air trajectories may form, It
is a front-like disturbance and is generally called a sea-breeze or coastal
front. The warm air is above the cooler ocean air, and superrefraction
may occur. This type of disturbance appears to be quite common along
the western, southern, and eastern Australian coasts (Jenkinson, 1966)
and coastal paths in New South Wales frequently show superrefraction due

to this type of front.
5.4 Thunderstorms

A considerable reduction in range of radio transmissions (such
as radar) may be caused by the attenuation of the radio signal by the heavy
rain found near the center of a mature or dissipating thunderstorm cell.
The effect is more severe for cshort wavelength radars such as the 3.2 cm,
than for the 10- or 23-cm radars. However, strong refractive .r ducting
gradients have been found in tne neighborhood of thunderstorms, primarily

in the southwest quadrant of weakening storms.
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Coons (1947) stated :hat an abnormal moisture lapse near the
ground, due to the evaporation of rainfall, was the major cause of these
ducts. However, the duct formation is also affected by the cooling of the
earth's surface by the downdrafts from the thunderstorm. If low stratus
clouds and light winds are present, the superrefractive effect may last

for several hours.

5.5 Coastal Stratus

Along coast lines, where warm continental or other subsiding
air mayoverlie the moist maritime air near the suriace, the base of the
superrefractive layers is usually near the top of the stratus deck. This
is the case in the vicinity of San Diego, California; where the reiractive

layers are associated with the trade wind inversion (Moreland, 1965).

5.6 Foehn Winds

A foehn wind is a warm, dry, downslope wind cbserved on the lee
side of mountain ranges. The name originated in th= Alps, where such
winds occur frequently. The advection of warm, dry air causes surface
or slightly elevated superrefractive layers to form as a result of the
moisture evaporated from the generally snow-covered surface. In the
United States this effect is found with the chinook winds just to the east

of the Rocky Mountains, especially in the winter and spring.
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5.7 Fog

Refractive index conditions in fog vary from subrefractive to

superrefractive., In the layer itself, the temperature or humidity
gradients are not likely tc be strong enough to form significantly intense
refractive gradients, and either siandard or substandard propagation

conditions might be found. Just above the fog layer, however, there is

o anditkatiaa R AT

frequently an appreciable decrease of humidity with height which may

lead to the formation of a radio duct. Radiation fog, which forms on
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clear nights having light surface winds, is a type of fog frequently
associated with superrefractive layers. Since this is a shallow fog, there
is little effect on propagation conditions unless the transmitting and

receiving antennas are relatively close to the ground,
5.8 Fronts

Significant refractive gradients may form along an upper front
(frontal surface aloft), but the more usual effect of a fr~ntal passage,
especially a cold front, is to establish standard propagation conditions in
the frontal zone because refractive layers tend tc be destroyed by the
turbulence normally accompanying a frontal passage. For example, on
a 55-km line-of-sight path in Japan, Ikegami et al. (1966) found that
marked fading (which had been observed for two consecutive nights)

disappeared after a cold front crossed the path. Anomalous propagation
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is frequently observed, however, when subsidence occurs in a drier

air mass that moves into an area after a cold frontal passage. Sea hreeze
or coastal fronts may cause superrefractive conditions also, especially

in the lJower latitudes (sec. 5.3). Brief periods of high radio signals
have been observed with the passage of squall lines (Arvola, 1957).
Immediately after the passage of the squall line, subsidence irequently
occurs before the arrival of the associated cold front. The high moisture
content of the surface air and the overlying drier zir favor the formation

of elevated superrefractive layers.
5.9 Low-Level Winds

Rider (1958) stated that the wind velocity was the most important
meteorological factor not included in the formuila for the radio refractive
index, and a number of other investigators have studied the effect of the
wind on microwave propagation.

Fengler (1564) in studies of a 202-km transhorizon path at 500 MHz,
found that the wind velocity (at the altitude effective for wave propagation)
is a criterion for the propagation mechanism and the fiel_d strength level
to be expected. Where intensive and strong refractive index inversions
are noted, reflection, refraction, and ducting are the prevailing propagation
mechanisms, and high field strengths will be observed. But nigh winds
destroy inversions, and scattering or diffuse reflection becomes the

dominant propagation mechanism, with lower field strengths. No high
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. experiments in Germany, but both high and low fields were observed with

light winds. Fengler studied both the component of the wind parailel to,

and normal to, the path. There was dependency of fading frequency with
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field strengths were observed luring periods of high winds in these g

:

the component of the wind parallel to the path, but a correlation coefficient g

of 0.84 was obtained when the component of the wind normal to the path é

was considered. When a well-mixed atmosphere was examined (no strong §

refractive gradients below 1500 m), the correlation coefficient was 0.93. g
Doherty and Neal (1959) suggested that a correlation coefficient |

near unity could be found between the surface wind and the fading rate

‘ when a time advance of al;out 2 hr was applied to the fading rate record.

They regard the surface wind to be, in part, a measure of the hydrostatic

instability of the atmosphere, and thus a measure of the higner turbulent

velocities aloft. The 2-hr delay of the fading maximam behind the maximum

3 wind is presumably due to the delay in transferring the turbulent energy

from the ground to the height of the common volume (about 1500 m).

Higher fading rates are alsc observed with the passage of rain through

3 the common volume. Apparently this is caused by the high wind speeds

and increased turbulence associated with the rains (Doherty and Stone,

1960).

‘ L Bauer (1961) examined the hourly values of the 10~ to 90- percent

r
[

fading range of selected 915-MHz troposcatter records of a 650-km path

and determined that they showed behavior that correlated well with wind
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shear through the scatter volume. Although the wind data were gross
scaled and taken at a point at least 112 kia from the common volume,
correlation coefficients of 0.76 to 0.8 were obtained. These results
indicate that the fading range (10 to 90 percent) increases by 1.4 dB/
(m/s)/km of average wind shear through the scatter volume.

Anderson and Gossard (1953) studied the effect of an oceanic duct
upon microwave propagation using meteorological and radio data taken
over Cardigan Bay, England. Data were taken at the ends of the path,
averaged, and used to represent the entire path. This assumption was
valid when theire was a brisk breeze blowing from the ocean. When wind
speeds were low, as in summer, heating over land during the day and
subsequent nocturnal cooling caused an appreciable difference between
the values of meteorological variables taken over the water and those
taken over the sea. At a frequency of 10, 000 MHz the agreement between
theory and actual observations improved steadily as the wind speed
increased. At speeds above7 m/s the consistency was impressive. The
authors noticed more scatter at 3345 MHz than at 10, 00C MHz and the
change to ducting conditions appeared to be more gradual; the 3345-MHz
signals appeared to be influenced by the effects of the duct before the
actual ducting occurred. This latter observation agrees with the
accepted fact that stronger oceanic ducts are necessary to trap 3345 MHz

than 10, 000 MHz. Pickard and Stetson (1947), using a frequency of

28
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42.8 MHz over a 270-km path in Massachusetts, observed that the best
transmission (highest fields) vccurred when thhe wind velocity waa lovrest;
and the worst transmission {(lowest ficlds) when the winds were strong.
The turbulence accompanying the stroug winds tended to destroy any
laminar structure or faverable stratification in the lower atmosphere.
They also found that the fields were highez when the direction of the flow

of air was parallel to the path,
6.0 Attenuation of Radio Waves
6.1 General Comments

The attenuation of radio waves by ciouds and precipitation is
caused by beth absorption and scattering. Attenuation of the higher
frequencies is very sensitive since the attenuation is directly proportional
to the amount of liquid water per unit volume and inversely proporticnal
to the wavelength., Therefore, wavelengths of 1 cm or less {fregqueacy 2
30 GHz) show a large amount of attenuation, but wavelengths of 10 cm or
greater {3 GHz) experience a ncgligible amount of attenuation by rain and
clouds.

Medhurst {1965) has pointed out that the numerical results for

attenuation of centimeter radio waves from raintall do not agree with those

predicted by theory {Ryde and Ryde, 1945). There is a tendency formea-

sured attenuation to exceed the maximum possibie levels predicted by theory.

Part of this discrepancy may be due to experimental error, especially
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with regard to the measurernent of the precipitation rate. Under gusty
wind conditions, the water density in tke air (on the radio path), for a given
precipitation rate on the ground, may be quite different from that
under calm conditions. Also, the number of rain gauges is seldom
adequate to insure that representative measurements can be obtained even
when precipitation along the path is relatively uniform. Medhkurst alsc
states that part of the excess att ‘ruation for the lower precipitation rates
might be due tc the presence of fog and mist, in addition to the precipitation,
although this effect should be negligible for precipitation rates of 50 mm/hr
or more, where large departures frcm the theory have been observed.

None of the above considerations adequately explains some of the
extreme differences between the values of theory and measurements. In
this regard Medhurst calls attention to the Hawaiian experiments using
a wavelength of 1.25 cm as ieported by Anderson et al. (1947). These
experiments obtained results that have set them apart from other studies
reported in the literature. First, the density of rain gages (nine along a
2-km path) was greater than in previous field tests, and second, only
measurements made under uniform rainfall conditions were recorded.
They found attenuations (dB/mi) Detwesn 1.5 and 2.0 times greater than
the Ryde theoretica: values,

Medhurst alsc suggested, because of the uncertainties in experi-
ments, that it would be prer:ature to attempt to modify the Ryde and Ryde

theory (1945), but that it might be well to be aware of ways in which
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the present theory is lacking, He points out that the presently accepted
thecry does neglect multiple scattering effects along the path. The Ryde
theory considers only the power removed by absorption and scattering fro
a plane wave by an isolated drop. This "subtracted'’ power is then
summed over all the drops. There is the possibility that the rain
structure might be more complicated than it is presently assumed to be.
Dingle (1960) has suggested that precrpitation may contain elemerts or
clusters of two or more closely spaced dreps, rather than the present
concept of drops in a random pattern with average distance of separaticn
greatly exceeding the drop diametexrs. Information is available that the
C¢istribution with time of the drops varies from what would be expected if
the clustering did not occur, At this time it is not possible to draw any
quantitative conclusions about the nature of clusters, but if clustering
does occur, it could modify considerably the theory of rainfall attenuation

of radio waves,
6.2 Attenuation by Rain

Saxton and Hopkins {1951) used a wavelength of 3.2 cm in studying
the adverse effects of meteorological variables on maritime navigational
radar. They observed that the greatest reduction in radar range caused
by attenuation is the one caused by rain, such as that found in the tropical
equatorial regions, e.g., the Indian and Pacific Oceans. Saxton states

that a precipitation rate of 30 mm/hr might mean that a 10, 000-ton ship
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would be detectable at a 6- to 9-km range instead of the normal detection
range of about 25 kmm. However, withk small targets, the masking effects
from the precipitation itself rather than the attenuation is the important
factor. As a result of rain echo, a ship of 1, 000 tons would probably : ot
be detected beyond 3 km instead of the normal range cf 15 km.

Angell et al. (1958) also found that rain caused a depressed radio
signal. In field experiments in England, using 3480 MHz over a 278-km
path, the maximum fall in the median signal level in heavy rain was 15 dB,
corcesponding to an attenuation rate of 0. 056 dB/km for the path. It is
believed that the more important effect of rain is to cause a reduction in
the efficiency of the mechanism involved in the scattering process.

Doherty and Stone (1960) observed the forward scatter from rain
of 2720 MHz radio waves over a 145-km path near Ottawa, Canada. Their
results support the assumption of omnidirectional scattering from rain.
Two primary effects of rain on a tropospheric scatter path are the
increzased fading rate and the decreased bandwidth. The fading rate may
increase by a factor of 10 or more, and pulse-to-pulse fluctuations have
been observed at a pulse repetition frequency of 600 pulses/s. The 1. 5-'
Ms pulse is generally broadened to 3 or 4 Us, and at times, is broadened
tc lengths greater than 26 us. Rain across, orx close to, the path may at
times be related to an increase in the signal level since: (a) energy maybe

scattered from the raindrops themseives, which for heavy rain might
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cause a change of as much as 12 dB, and (b) an increase in signal .evel
may be associated with the elevated superrefractive layer formed at

the boundary of the cold air flowing from the base of the thunderstorms.
6.3 Attenuation by Hail

The attenuation effect of hail depends on the size of the hailstones
and the to* ! amount of hail, however, hail produces less attenuation than
an equivalent amount of rain, Since the hailstones grow to larger sizes
than the raindrops, it is possible to get more backscattering from large

hailstones than from raindrops with an eqguivalent amount of water content.
6.4 Attenuation by Snow

Snowflake attenuation is caused partly by scattering and partly
by absorption. If the snow is dry, the attenuation is considerably less
than that from raindrops having the same water content. However, with

melting snow or ice particles the attenuation can be quite large, especially

at shorter wavelengths (Battan, 1959).
6.5 Attenuation by Fog

Kiely and Carter (1952) observed that fog may cause an attenuation
of 3-cm transmissions of about 0.2 dB/km when the visibilitv was reduced

to an optical (visual) limit of about 33 m on an overwater path.
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Saxton and Hopkins (1951) observed that dense fogs, especially in

the polar climates, can appreciably reduce the maximum range for radar
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targets. With optical visibility of about 30 m, a radar range of 50 km

- AR A

could be reduced to 30 km for a 9375-MHz frequency. However, a norm.l

range of 25 km should not be materially reduced unless the optical

g A Yy

visibility is reduced to a few meters,

é : 6.6 Forest Effects on Propagation

- LA

Head (1960) studied television rec.ption at 482 MHz in a wooded

area over distances of 12 to 23 miles, His observations indicated that

iy agenps

the depression of signal level below the calculated smooth-earth field was
more or less independent of distance, and ranged from about 22 dF with

50 percert tree cover to 30 dB with 100 percent cover. Forest attenuation

may thus be one of the most significant factors in average loss of signal
at the higher frequencies, with a seasonal variation related to changes
i in foliage.

Trevor (1940) neasured attenuation of a 500-MHz signal through
500 feet of woods and underbrush; in summer the actenuation was 17 to 19
dB and in winter 12 to 15 dB as compared to propagation over treeless level
ground.

The vegetation was sufficiertly dense so that the view of the

transmitter was obstructed even when no foliage was present. Trans-

missions over a 500-ft span just above a iow growth of scrub pine in

July showed attenuation of 6 to 8 dB, possibly because of ground ray

reflection rather than absorption.
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Attenuation through trees is apparently a function of frequency.
Saxton and Lane (1955) reported that thick and extensive woods could
cause attenuation of the order of 0,02 dB/m at 30 MHz and 0.5 dB/m at
3000 MHz (based on measurements in summer with mostly deciduous trees).

Over forests with a dense leaf canopy, solar heating produces
temperatures at the tree crown level that are higher than those at the
surface of the ground during the afternoon. At night, radiational cooling
frequently results in a iower minimum temperature at about the canopy
level than those at the ground or in the air immediately above the canopy.
Behn and Duffee (1965) have measured a temperiture inversion oi 3. SOC
in about 16 m just above a dense forest canopy during evening hours.

The formation of such inversions, below the canopy in the after-
noon and above the canopy at night, may lead to anomalous propagation in
forest or jungle areas. Baynton et al. (1965a) reported difficulty in radio
cemmunications at 7567 MHz between the ground and low-flying aircraft
over a tropical rain forest. He attributed this to the possible formation
of a greund based radio duct beneath the tree canopy during the daytime.

7.0 Observations of Radio Performance Related to
Large-Scale Weather Systems
7.1 Air Mass, Seasonal, and General Effects
The effect of air masses upon radio propagation is chiefly related

to the verticai distribution of temperature and humidity within the air
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mass, and therefcre any mechanisms that change these gradients (such

as subsidence, radiaticn, and convection) also modify the radio propagation
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characteristics of the air mass. Because similar air masses tend to

modify in somewhat similar fashion, it has been possible to obtain cor-

relations between air mass types and radio propagation effects.

Among the earliest studies of the tropospheric radio-weather
relationships were those of Ross A, Hull in the period from 1934 tc 1938
( reported by Friend, 1945). Using a 60-MHz system on about 2 100-km
path near Boston, Massachusetts, he found, for e¢xample, that nighttime
signals were much higher in summer thaa winter, and that there was less
diurnal change in winter. The periods of very highest signal level
invariably accompanied atmospheric conditions resulting in rain. With
fresh polar air over the path, signals werelow and subject to rapid fading.

As the air modified, the signals took on a more -agged character but

attained higher levels. With warm tropical air spreading over the region

there was a tendency for minor fading fluctuations to become grouped

and show a longer period, possibly related to wave motion on a frontal
surface., For 3 or 4 hr before the start of the frontal precipitation,

signal levels were high, then fading increased and the signal level dropped
as the precipitation started. The turbulence in fresh polar air as it

moved under warmer air resulted in rapid fading, but a diurnal effect

was noted, in that cocling at night reduced the turbulence, and the signal

became strong and steady.
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Doherty (1964) found that significant differences in signal strength
and variability at 2720 MHz on a 144-km path in Canada were due to u.e .
type of air mass over the station. In winter, periods of superrefraction
were generally found with maritime arctic air because it was relatively
dry and radiational cooling could occur at night. The temperature
inversion developed during the night could persist during the day because
of the iack of solar heating of the highly reiflective snow-coveread surface.

Continental arctic air was characterized by low signal levels with
little, if any, nocturnal cooling because the air mass was apt to be much
cooler than the surface and a ground-based temperature inversion was
unlikely to develop at night. Maritime polar air seemed to be intermediate
in its charactecistics when compared with maritime arctic and continental’
arctic air masses. Maritime tropical air generally showed a relatively
high signal, but no superrefraction was observed. These latter conditions
were related to the high humidity of the air mass inhibiting radiational
cooling.

Anan'ev and Troitskiy (1964) have reported results of measurements
at 30 cm over a mountain diffraction path between Alma-Ata and Frunze,
Kirgizskiy SSR. On this 192-km path no connection was found between
fading and the time of the day. The fading depth iacreased after rain and

decreased in periods of settled dry weather.
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Kaiinin et al. {1964) made statistical studies of measurements

A

on tropospheric relay links in the central part of the USSR. These
measurements were marde over many hundreds of hours on each route at
different seasons and over several years. The routes varied in length
from 159 to 730 km at wavelengths of 30 to 40 cm, and from 85 to

303 ki at 8-to 9-cm wavelengths.

For distances in excess of 300 to 400 km, the attenuation was
observed to be higher in summer than in winter, but this seasonal
variation became smaller as the range increased (e.g., at 300 km the
seasonal variation was 15 dB while at 630 km it was 7 dB for 30-tc 40-cm

circuits,., At 8- to 9-cm wavelengths the attenuation was 1 to 15 dB higher

arm e

in summer than in winter, The attenuation was 6 to 12 dB greater at

30 to 40 ~m than at 8 to 9 cm for ranges of 150 to 300 kmn. Slow fades

{preater than 5 to 10 min duration) over different sections of a tropospheric

relay link were found to be statistically independent. The duration of

rapid fades on a 303-km route decreased at the shorter wavelengths.
.Regardless of the season, the mean signal level increased and the

depth of fading decreased during stable weather counditions. When either

a warm or cold front passed across the route, the mean signal level fell

sharply (10 to 20 dB). After the front passed, the signal level was slowly

restored. It was found that the signal variations were connecied more

v - ot

et g

with the variability of the weather than with the nature of other conditions,
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such as cyclonic or anticyclonic pressure systems. No definite relation-

W,

s

ship was discovered between the signal level and any one meteorological
parameter, including those with clearly marked diurnal variations, but
there was a slight tendency for the signal to fall in the daytime, especially
in the summer. There was no marked correlation between the mean
signal levels and the dielectric constant of air near the earth at the

middle of the path. Kalinin considers the reports of other investigators

Fron el v ORI B AN T, CCENORN D ST,

on correlations of mean signal levels and dielectric constant over long
periods of time to be misleading, in that this merely retiects the fact
that they are both subject to seasonal fluctuations.

Chisholra et al. (1962) have reported on propagation losses
observed on several 400-MHz paths along the east ~oast of the United
States, varying in leng.. from 98 to 830 mi. Cocinparing 188-, 350- and
618-mi paths, they found median signal levels to be highest in summer
and the seasonal differences greater at 188 mi than at €18 mi. The 188-
mi path showed about a 20-dB lower median signal level in April than in
July, while the difference at 618 mi was less than 5 dB.

Peterson et al. (1966} found that a prolonged outage on a 5 GHz,
404-kra, obstacle diffraction path in Europe was closely related to
depression and distortion of the radio beam caused by elevated super-
refractive layers. These layers were probably formed when dry air oa
the lee side of the Alps moved over a moist coastal air mass. The

southern terminal of this path is only 1l krr. from the sea, and is affected
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by a sea breeze circulation when the region is under the influence of

weak-gradient high pressure systems.
7.2 Pressure Systems and Fronts

In general, polar highs consist of air that is too cold and dry to
produce strong refractive gradients capable of trapping micrcwave
transmissions. However, if these highs pass over a warm body of waier,
the iower layers may gain enough heat and moisture from the water to
form elevated superrefractive gradients {Arvola, 1957).

A warm high may produce a proanounced elevated superrefractive
gradient because of the combination of sinking air, a usually moist layer
beneath the inversion layer, and the overall warmth of the air ma-s.
Warm highs are also as=ocieted with a surface temperature inversion
{usually nocturnal). The warm air mass above the inversion is dry
because of the subsidenc~ or advection of warm air. In the case of a
weak fiow of warm air it is possible for a subsidence-formed refractive
layer to lower and merge with a surface-based inversicn (Arvola, 1957).

Denms (1961) studied the correlation of hourly median signals and
refractive gradients over a 480-km scatter path from Florida to the
Baharaa Islands. There were no diurnal effects observed since diurnal
temperature changes are at a minimum over the oceans., Signal levels
were higher in the summer than in the winter but a drop of about 15 dB

in 3 hr was obse-ved after a cold frontal passage, as dry air replaced
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the maritime air. Dennis obtained a correlation coefficient in this study

of about 0.85, using surface values of refractivity to predict signal levels.
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He also studied a San Diego to Santa Anna, California,path of about

it
v

135 km. The best correlation between the basic transmission loss and

change in refractivity in the first kilometer on this circuit was in

i\ Ll

February, and the poorest was in August. The mean basic transmission
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E loss tor May was 10 dB less than that for November. Dennis believes that
L 3

a 48-hr forecast of refractivity for basic transmission loss calculations

could be made to within + 5 N-units, and a 72-hr forecast to within +

10 N-units. Beyond these periods it would be better to use climatological

R R Aba da it

data.

Ugai et al. (1961) observed that fadings were infrequent during

ATy CiaTRESY Ay

inclement weather i Japan. However, remarkable fadings occurred in

e s

e

.

the fine weather accompanying periods of high pressure in the area.

During froutal passages no fading was noticed bu* strong fadings occurred

[T TTVIE S

in the high pressure cells following a cold frontal passage. Surface

temperature inversions appeared at night as a result of nocturnal radiation,

LA

but some were seen in daytime hours. During May through August, radio

uagn rean

ducts of 20 to 50 m in depth were almost continually observed. The

W ey s s

strength of the duct depended on the humidity lapse during the summer

and the temperature inversion during the winter.
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Hirao et al. (1952), using frequencies of 150 MHz and 65 MHz
over a 125-km path near Toyama Bay, Japan, found that field strength
was high in summer, and low in winter and on days with precipitation.
Highest fields were observed when a migratory high spread over the
path, probably because of the effect of subsidence. The vertical
distribution of refractive index was almost linear in winter, but was
more complicated in the spring and summer. Abnormally high field
intensities were more prevalent during the night than during the day;
however, when such conditions appeared, they seemed to oc-ur on
succeeding days at about the same time. Fronts caused abnormally
high signals with large variations, and the frontal effect was more
noticeable at night than during the day. The cold front had a greater
effect than other types of fronts.

Spencer (1952) studied radio propagatiocn at 89 MHz over a 272-km
path in England with regard to the effect of synoptic weather conditions.
He found that isothermal temperature profiles or inversions may have a
pronounced effect on the field strength, and that curvature of the isobars
(indicating whether high or low pressure was over the path) had a2 some-
what less important effect. He also observed that high field strengths
are twice as likely to occur with high pressure as with low pressure
patterns. The resultant refraction, which varies with the type of
weather conditions present, may cause the field strengths at 200 to 300

km from the transmitter to be as high as the normal level at 50 to 100 km.

42




T

N W IR IR . '"""'.':‘,"!1

Y PNETRG Y

P N

PR e Lk LB TN

Duct thickness for Spencer's test area was found to be

about 167 m. Ducts with a thickness greater than 100 m are apparently

iﬁ
3
3
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auite rare in England. Fifty-six percent of the high field strength periods
were associated with strong elevated refractive gradients in the absence
of surface gradients; 35 to 45 percent of the elevated layers weare founa
to be between 800 and 900 mb (1950 - 950 m), but the strong refractive
gradieunts were found mainly at somewhat lower elevations (950 - 900 mb
or about 490 - 250 m). Some high field strenyths occurred with easterly
and southerly winds associated with low pressure centers, but a great
majority of high field strengths were related to high pressure conditions.
The sector of a high pressure cell in which the greatest amount
of subsidence is occurring may be fairly well established by considering
the temperature regime toward which the cell is moving. Flavell (1964)
pcinted out that the northerly winds found on the eastern side of high
pressure cells in the Northern Hemisphere are usually moving toward
warm surface temperatures. This tends to increase the convection
effects, which, in turn, lifts the boundary layer between the relatively
cool, moist surface air and the warmer, d.ier upper air, and thus
weakens it. On the western side of the high pressure cell the boundary
tends to be lower and mo-e pronounced since there is less convective
activity, The greatest change in refrzactivity associated with the
boundary layer in the northwest of Europe occurs on the western side of

high pressure cells.
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Joy (1958) made a series of tests over a mixed land-sea path
ranging in length from 90 to 320 km, using a frequency of 9375 MHz.
The average signal level was found to be some 10 to 15 dB below that
predicted from theory. A prolongedfade was noticed at a range of 165 km
and attempts at radio reception at 320 km on overland paths were
unsuccessful, possibly because of the frejuent occurrence of intense,
extensive high pressure systems over the British Isles during the tests,
Joy found that periods of normal radio propagation occurred with low
pressure systems, and poor propagation conditions were observed only
in the presence of high pressure systems. In contrast to the radio
recepticn over the land paths, excellent radio ranges were observed
over the English Chanpnel during the presence of a ridge of high pressure.
Joy assumed that this effect was due to the formation of a well-developed
evaporation duct, since terminal heights were both rather low.

Hay and Poaps (1959a), using a frequency of 2000 MHz over a
34-km path near Ottawa, Canada, studied fadeout of radic signals. During
the pericd of their experiments 64 percent of the fadeouts occurred near
a center of high pressure and 30 percent with slewly changing transitional
periods between centers of high and low pressure systems. The remaining
6 percent of the fadeouts occurred shortly after a low pressure center

moved through the area.

44

T e R . i o L - —— - N —_——— b e o
AT . S - =

riaire



e st o

T T A G AT AT KR DA R E R R R

b AN

Ly epAITE g

nirn

-~ e

X

Stark (1965) conducted experiments in the North Sea at 560 MHz
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and 774 MHz with a path length of 194 km and 950 km. He found that the
slow-fading type of signal was normally associated with the higher levels

of field strength. and was observed during periods of aigh atmospheric

P kS A E S

pressure. The fast-fading type of radio reception was found with low
field strengths and was observed during periods of low atmospheric
pressure. The height of the superrefractive layer was about 500 m.

Anastassiades et al. (1962), using a frequency cf 2005 MHz,
conducted radio experiments with concurrent meteorological observations
on a 129-km path in Greece,; and found that northerly winds blowing out
of a high pressure area in winter gave a radic reception that was rather
smooth with no deep fades (less than 5 dB). The air masses associated
with these winds were mainly cold, dry., polar continental types, which
were warmed from below over the Aegean Sea, and consequently no
inversions could develop. He observed that when the path was in the
warm sector of a low pressure area the fading amplitude reached as
high as 30 dB, pariicularly in winter and spring when the sea surface
was colder than the air in the warm sector, allowing inversions to
develcp rapidly. Similar fading was observed under calm, clear
conditions when ground temperature inversions developed.

The passage of a cold front or low pressure across the area was

usually accompanied by an increase in fading, but when winds shifted to
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the north after a cold frontal passage, the radio reception again became

smooth (low fading). Changes in the type of fading were also observed

P I 2

with changes of wind direction and passage of fronts or low pressure
centers., Receptions with 30~-dB amplitude variations were frequent
from April to July and were observed with sea breezes and the Etesians;
the latter are ncrtherly winds in the summer in the eastern Mediterranean,
which transport warm dry air masses from the mainland over the cooler

sea.

Doherty and Neal (1959),using a frequency of 2720 MHz on a
315-km path between Ottawa and Toronto, Canada, observed that the
passage of a cold front across a radio link resulted in a disturbed signal
with excursions of 5 to 15 dB from the short-period median level occurring
over an interval of 5 to 10 min. This was quite different from the usual
stability of the signal which generally showed a 1- to 2-dB variation over
2 10-min period. The fading rate generally, but not always, increased
with the signal level changes.

Hay and Poaps (1959b}, using a frequency of 500 MHz over a 137-km
radio path near Ottawa, Canada, observed that the signal fading rate
rose above the normal diurnal maximum when the radio path was
disturbed by fronts. The fading rate appeared to reach a maximum when
the boundary of the frontal zone was abou* 900 m above the center of the

path. The fading rate remained h.gh as long as any part of the frontal
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zone was between the surface and about 1000 m. They found that the
effect of a front on radio transmissions evidences itself by an increase

in the rate of fluctuation and a decrease in the mean amplitude of the
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signal, In on2 case the fading rate was as high as 100 a minute and
remained high for 4 hr or longer. Cold fronts appeared to have a greater
effect on signal amplitude than warm fronts, with the variation being
greater at night than in the daytime. Precipitation alone had little effect
upon signal transmission. Only 12 percent of the maxima ir fading rate
occurred when rain rfell on 2 ma,or part of the path, and only 6 percent
when snow fell. There were 102 prominent low pressure centers observed
along the radio path in the 306-day test period, and 62 of these centers
were accompanied by an abnormally high fading rate in the radio signal
within 12 hr,

Hay and Poaps observed a somewhat higher degree of correlation
between the disturbance of the signal and shallow depressions of pressure
such as those accompanying cold frontal passage. A decrease of 2 mb
in surface pressure with respect to the normal trend generally lasted
from 1 to 2 hr. In 306 days of tests some 120 instances of shallow
pressure changes were observed and the signal fading rate reachad a
maximum within 12 hr in all but two cases. They suggest that it is
primarily the structure of the frontal zone, and not the precipitation or
the vertical movement of air associated with the low pressure center, that

affects the radio transmission.
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Pickard and Stetson (1947), using a frequency of 42.% MHz over
a 27G-km path in Massachusetts, found that all types of frontal passages
lowered signal levels and, apparently because of the waveguide effects,
the amount of signal depression caused by the passage of the front
varied with the angle made by the front with the path., They found that
wlen the front was paraliel to the path the field was least depressed, and
that when the front made a considerable angle ‘7ith the path, the signal
was depressed to the greatest extent. It was also noticed that the high
fields were usually followed by an increase in the surface temperature
along the path, the temperature reaching a maximum about 30 hr after
the field maximum. Low fields werc generally followed by falling
temperatures, which reached a2 mini:num about 30 hr after the minimum
signal strength was reached. Pickard and Stetson found that occluded
fronts had little effect on sigril strength. Only a few (8) warm fronts
were observed during the nev’od, but these produced a depression in
signal strength to about 80 percent of normal. Cold fronts making an
angle greater than 30° with the path produced a drop in field strengta to
74 percent of the normal value; cold fronts making an angle between 0°
and 30° decreased the signal strength to 84 percent cf its normal value;
cold fronts parallel to the path gave a reduction in signal strength to

31 percent of the normal value,
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Sabin (1966) investigated radio outages that occurred in late
winter and early spring months on a 900-MHz troposcatter circuit
between England and Spain. He concluded that a large proportion of the
communications outages on this 800-km path were probably caused by
extensive superrefractive layers and ducts, which bent the radio rays
so that they did not reach the proper heignt for scatter propagation.
However, there were some outages for which no meteorological explanation
could be found in the available data. Sabin made an analysis of synoptic
weather patterns associated with the outages, as well as calculating
refractivity proriles from the radiosonde observations made at three
points near the radio path. He found two high pressure and three low
pressure situations which were associated with the radio outages; subsi-
dence was an important factor in many cases, and he found that
propagation conditions improved as a cold front crossed the path. All
the important refractivity changes occurred below the 700-mb level
(about 3 km), and most of the outages took place when highly refractive
layers occurved between 950-700 mb (0.4 - 3 km) it more than one of
the radiosonde stations along the path, Su-=face ducts (below 950 mb)

appeared to have little effect on this circuit.

7.3 Monsoons
Monsoons are similar to land and sea breezes in that they are

caused by the difference in the temperature of the air over land compared
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with the temperature of the air over water. However, monsoons
commonly affect 2 much larger area, and are seasonal rather than
diurnal in character. Monsoons are most prevalent where the largest
land masses border the largest bodies of water, e.g., the East Indian
section of the Asian continent. Well pronounced monsoon circulations
also occur in Australia and North Africa. In the Americas and Europe
there are also tendencies for such circvlations (chiefly in the summer),
but they are much less common and less well developed than in India.
Raghavan and Soundararajan (1962) reported that for the area around
Madras. India, propagation of radio waves was generally standard in the
monscon season {June to September). In Octobeg conditions occasionally
became superrefractive and strong superrefractive gradients were most

commonly observed in March and April.
7.4 Trade- Wind Regions

The trade winds, which are found between about 30°N and 30°S
(chiefly over the oceans), are an important factor in microwave
propagation because they are associated with regions of extensive and
persistent elevated superrefractive and ducting gradients. The trade
wind inversion is the interface between the dry subsiding air of the
semipermanent subtropical high pressure cells and the relatively moist
and turbulent low-level maritime air in the lower trade wind circulation.

The trade wind inversion has a mean thickness of about 400 m. The
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height is a measure of the depth to which the upper current has been able
to penetrate downward, and as such is an indication of the degree of
subsidence or the probable intensity of the temperature inversion,
Investigations have been conducted in the trade wind areas by
many research groups. Ringwalt et al. (1958) found a sirong superrefrac-
tive gradient at a height of about 1500 m off the east F'lorida coast that was
associated with the trade wind circulation. Katzin et al. (1960} made
aircraft flights between Brazil and Ascension Island, using both
radiosonde and refractometer equipment. The results indicated that an
elevated duct was present most of the time and that radio frequencies
above 200 MHz should be affected. The greatest radio ranges were
observed when both the transmitter and receiver were in the ducting
layer, which generally had a thickness between 300 and 400 m. The base
height was about 1300 m in January (summer) and 1800 m in July (winter).
Ringwalt and MacDonald (1961) made additional studies between
Brazil and Ascension Island and confirmed the existence of ducting layers
in that area. They found that the best month for - : aded rac ranges
was November, when the base height of the ducting layers was about
1800 m. The results of this study indicate that under favorable conditions
of active subsidence a radio duct was present about 80 percent ¢f the time,
and that when subsidence conditions were not favorable, la, ers of ducting

strength were observed about 40 percent of the time.
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8.1 Forecast Accur~cy

No standard method of forecast verification exists, and quoted
Zigures on accuracy mey 0e misleading unless the forecast circumstances
and verification limits are considered. Verification systems that
censider a sufficient number of factors to be meaningful tend to be
complex and time-consuming, while the simpler systems yield results
that may be heavily biased or erroneocus. In general, it is considered
that a verification of 50 percent or less represents guess work or zero
forecast skill (Willett, 1951},

Different weather elements offer different degrees of difficulty
to the forecaster. A Z-day forecast of daily average {emperature is
generally quite easy compared with a 12-hr forecast of cloud heights or
wind speed and direction. The type of forecast required for radio-
meteorological purposes involves meso- or micro-scale comnsiderations,
e.g., the elevation of inversion layers relative to a given set of antennas,
changes in flow patterns caused by mountain ridges or valleys, local
changes in air mass properties caused by heating or cooling of land or
water surfaces, effects of turbuience and mixing, etc. In many cases
the basic data upon which such a forecast must be based are simpily
not available, or may be lacking in detail {(e.g., data on upper air

structure).
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An analysis of weather forecasting made by Willett (1951)
indicates that:

(a) Detailed aviation forecasts, including predictions of wind -
speed and direction, cloud heights, visibility, type of precipitation,
icing and turbulence hazards, fog, etc., may be made for periods up
to about 18 hr with a verification of 20 to 95 percent on a 50 percent
probability basis of verification.

(b) From 12 to 48 hr, forecasts for specific geographical
areas of the day-to-day sequence of those aspects of weather which
materially affect human activity and well being (degree of cloudiness,
probabilitv of precipitation, temperature range) verify from 70 to 90

percent with skill decreasing as the period increases.

(¢} Forecasts of the day-to-day weather sequence show negligible

skiil beyond the fourth day in advance. Predictions of temperature and
precipitation anomalies for 5 to 7 days in advance verify at about 70 to
75 percent for temperature but only about 60 percent for precipitation.
Aviation terminal forecasts, giving details similiar to (a) above,
are prepared each 6 hr for 12-hr periods at forecast ~enters of the
U. S. Weather Bureau. In a study of the utility of these foreca:ts to
aviation interests, it was found (Kerr et al., 1962) that during poor
weather conditions the accuracy of the forecasts declined cunsiderably

from the overall averages usually quoted. In forecasts of cloud heights
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when the cloud ceiling was below 4000 ft the average accuracy of 2)
stations for a 3-yr period varied from about 68 percent at the start
of the forecast period (0 hr) to 52 percent at 3 hr, 43 percent at 6 hr,
and 37 percent at 12 hr. Under still poorer weather cond..ions, ranginrg
from low visual flight conditions down to below instrument flight
minimums, the 2l-station average of ceiling and visibility forecasts
showed the percent of hits as follows: O hr - 49 % perc :at, 3rd hr -
31.1 percent, 6th hr - 24,2 percent, and12th hr - 19. U percent.
Itshould be noted that there is normally several hours time
lag between the weather observation and issuance of the forecast. This
delay is a result of time requirements for data transmission and :elay,
data plotting and analysis, forecast preparation, and transmission of
the forecast to the users. Also, a forecast that falls outside the
acceptable limits of a particular verification system may still be of
considerable operational value if the trends in the weather have been
predicted. For example, the timing of a frontal passage may be in
error so that at verification time the forccast is wrong, but expected
low ceilings do arrive an hour or sc later.

The American Meteorological Society (1963) issued a policy

statement on weather forecasting which made the following comments:
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“The usefulness of weather forecasts depends both on their

accuracy and the manner in which the forecast information is used.
~—y

Although the accuracy of all weather predictions,deteriorates with time,
forecasts of low accuracy can be useful and economically beneficial
when properly applied. The forecast accuracy attained by such
procedures as predicfing that the weather will »emain unchanged
(persistence) or by predicting normal weather occurrences based upon
past weathe:: records (cilimatology} or simple variations on these
procedures serve as scientific bases for measuring forecasting skill,
Unless forecast a:curacy exceeds the levels achieved by basic methods
such as these, forecasting skill cannot be said o exist., Statements of
high levels of forecast accuracy do.not necessarily imply skill, since
similar accuracy may be achieved by proper use of simple climatology
or persistence., The skill factor in weather forecasts can be expected
to vary depending upon the meteorological situation, geographical area,
and season."

The American Meteorological Society feels that the preparation
of acceptable forecasts requires professionally trained personnel, Fore-
casts prepared by people so qualified can be expected to achieve the

following levels of skill and usefulness:
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""For periods up to 24 hr, skillful weather forecasts of
considerable usefulness are possible. Within this interval detailed
weather and weather changes can be predicted. Hour-to-hour variations
can be predicted during the early part of the period.

"For periods extending to about 72 hr, weather forecasts of
moderate skill and usefulness are possible. Within this interval, useful
predictions of general trends and weather changes can be made.

"Average weather conditions for periods of about a week can be’
predicted with reasonable skill. Beyond 3 days, skill in day-to—da'y

predictions is small.

""Average temperature conditiors for periods up to a month can
be predicted with some skill. Day-to-day or week-to-week forecasts-

within this time period have not demonstrated skill. "

8.2 Forecasting Procedure

In forecasting for a particular application, e.g., frost-damage
to fruit or vegetables, the first step is to determine the probable
movement of the larger or gross-scale synoptic features, such as large
4 highs, intense lows, strong frontal systems, upper-level flow patterns,

etc. Next an estimate is made of the effect the movement of these large-

] scale ieatures will have on the weather elements in a given locality.

Increasingly smaller-scale features may then be considered, such as .

§ diurnal changes in local wind flow (as in the case of valley and mountain
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winds or land and sea breezes) or the drainage of air into iowlands
near lakes or rivers, local modifications resulting from snow cover,
warm or cold water surfaces, vegetation, etc. Because of the lack of
both data and exact mathematical means of handling the data if it were
available, the predic:ion of smaller-scale weather processes is largely
subjective, and quantitative forccasts are made by empirical methods
based upon observed synoptic-climatological relationships. For example,
a frost forecast in a particular synoptic situation might depend upon a
certain direction and speed of wind at an observation point, such as a
nearby airport weather station, the amount of cloud cover expected, the
temperature-dewpoint relationship at a given time of day, etc. For
two orchards or farms close together, but at different elevations or in
different types of terrain, the prediction would undoubtedly be different.
Even two points in a relatively small orchkard might be affected differently
if there were a steep slope to the land. Most important of all, the erd
product in this case is an estimate of the effect certain temperctures
will have on the fruit or other crop. A temperature of 0°c may cause
rapid damage to one plant variety, while another variety may safely
withstand such temperatures for many hcurs.

Similarly, in radio propagation predictions, once the small-scale
weather features in a given locality or along a particular circuit have

been forecast, it hecomes necessary to determine the effect of these
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conditions at particular frequencies with antennas at certain heights or
locations, at particular transmitter powers and desired bandwidths. In
all types of forecasts, the application of the forecast is an important
consideration both for the forecaster and the user. The fruit-irost
forecaster may recommend use of heaters cr wind machines if critical
temperatures are predicted; the aviation forecaster may suggest a change
in flight altitude or routing if he predicts severe thunderstorms or icing.
The radio-meteorologist must also consider the possibilities of rerouting,
rescheduling, or other ways of making optimum use of available weather
inforination, so that he can properly advise the operations staff.

Attempts have been made to classify radio refractive conditions
in various air masses. While this seerns like a promising first step in
the forecast process, in practice it presents many difficulties. The
ideal or '*classification' air mass type may be subject to wide variations
even in the source region, ard will be subject to constant modification
in moving acress any land or water surface. The prediction of vertical
air structur., based upon synoptic reports ano without regard to air
mass classification, is prebably a more realistic approach in that it
avoids the errors due to faulty initial classification. 1In other words,
if a given vertical air structure prevails in an area, it affects radiowavesin
the same manner regardless of whether the air mass is classified a:

of maritime tropical or continental p2lar origin.
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8.3 Types of Forecasts Considered Feasible

The results of this survey of observed radio-weather relation-
ships are summarized in table 1, pages 75 to 83, Considering
both the information contained in this table and the current state-of-the-
art in the field of weather forecasting, it appears that only very general
propagation predictions could now be made, based upon weather forecasts.
The small-scale fluctuatione in atmospheric flow processes, which are
probably responsible for short-period changes in signal level, cannot be
forecast except in a very general way. For example, it is possible to
predict the approximate time of convective activity and average and peak
wind speeds, but not the minute-to-minute values of updrafts or wind
speeds. However, useful applications ol forecasts might be made in
certain areas or on certain circuits, such as the following:

(a) Trade wind inversion. Estimates of genera. refractivity

conditions in some parts of the trade wind belt, such as between southern
California and Hawaii, should be possible for periods of up to a few days.
Specific refractive layer intensity and height probably could not be

forecast more than 12 hr in advance.

(b) High pressure areas. Predictions of the approximate location

of large high-pressure areas--the type likely to be associated with
extensive subsidence--can be made for periodé oi l to 3 days in most

areas. Semipermanent high pressure cells {such as the '"Siberian"
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high, '"Bermuda'' high, etc.)may at times be predicted for longer periods
--possibly up to a week., The location of inversion layers and significant :
refractive layers associated with these large highs is probably predictable

for not more than 12 hr in most cases. In other words, a general

relationship between a high cell and propagation might be predictable for

. periods up to several days, but ducting or superrefraction at a certain

level that would produce critical bending on a particular circuit might
be predictable for only a few hours.

{(c) Low pressure areas and frontal systems. Over populated

land areas the approximate location of low pressure centers and fronts
may be predicted for about 24 hr. In some cases the location of a
very intense low might be predicted for longer periods, possibly two
or three days. This would also be true of the semipermanent low-
pressure areas such as the so-called '""Aleutian" or ''Icelandic' lows.
Diffuse and slow moving fronts such as commonly occur in summer are
usually more difficult to predict than the high-contrast fast-moving
fronts of temperate zone winters.

(d} Radiation inversions (and associated refractive gradients).

These are predictable for a local area for not more than i2 to 24 hr;
the great influence of local factors {e.g., drainage and other meso-
and micro-scale winds, snow and vegetative cover, cloudiness) on

radiational heat losses makes it difficult to predict inversions of this

62




L e i Gk b i e
Gl o Al “ery e ot

Chose o o

type for other than small areas in which the forecaster has both
extensive data and considerable experience,.

(e) Elevated inversion layers. Except in trade wind zones,

these are probably almost unpredictable with present sparse upper air
observations, and in any case for not more than 12 hr.

(f) Diurnal variations in median field strength, fading rate,

fading depth. Probably unpredictable at present. Diurnal variations in
certain weather elements (temperature, humidity, winds, etc.) can be
predicted, but the radio-metecrological correlations are not known
sufficiently well to permit forecasts of field strength on any but a very

crude basis.
8.4 Utility of Short-Period Forecasts

Short-period forecasts of radio-weather factors can be of definite

value in various radar applications, where range and elevation corrections

can be applied to fit the predicted refractive conditicns. Forecasts may
also be of some value in estirnating communication reliability between
aircraft or between aircraft and ground stations. In point-to-point
radio services, it may be more difficult to derive significant benefits
from radio-weather predict{ions. Some improvernent in scheduling
might be possible with accurate 24-tc 48-hr forecasts, but the overall
improvement in circuit efficiency might not justify the e ort. If, how-

ever, outage periods could be predicted with a high degree of confidence,
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this information could be used to advantage in the scheduling of

maintenance work, For example, if there are duplicate circuits avail-

il

- able between two points and the prediction calls for poor propagation or
a potential outage on one route, then it would certainly be prudent to
forbid any routine maintenance on the other circuit during the period of
predicted cutage. The circuit managers of both circuits might also
wish to make special efforts to insure that all equipment was

""peaked up'' to the highest level of operating efficiency before the time
of predicted outage.

Of more immediate potential benefit to tropospheric communications
is the application of radio-weather analyses in the planning and design
stages of a radio circuit., Synoptic climatological data can provide
important information on daily, montkly, and seasonal variations in
weather on the planned circuit, which should be considered in determining

the optimum siting for a particular aiea. For example, a study of the

T

~ planned circuit may show a preferred elevation for the antennas,
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expected; it may show a pronounced diurnal change; or it may show a

probability of severe wind, precipitation, icing, or temperature and

humidity factors that would be reason for relocation or redesign of a

station,
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High incidence <{ subrefractive layers in an area may make it
desirable to increase the design fading margin on a circuit; e.g., a
transmitting antenna 50 m above a smooth earth would have a radio
horizon of about 30 km with a '"normal'' gradient of about -50 N/km, but
the horizon distance might be as little as 8 km under subrefractive -
conditions (Rice et al., 1966).

The casual application of weather factors to planning and design
problems should be avoided, however, since misinterpretation of
climatological data may easily lead to erroneous design conclusions.
There may, for example, be ample statistical weather data available

at a weather station quive near a proposed transmitter site, but when

* altitude, exposure, local wind tactors, etc., are taken into account, the

station data may be of only limited usefulness as an indicator of weather

at the proposed site or along the circuit.

9.0 Conclusions and Recommendations

a. The regular prediction of radio performance, based upon
synoptic meteorological and climatological data, is impractical at the
present time. Meteorological data are probably iradequate for forecast
purposes on many of the existing circuits. and sizeable commitments of
personnel] and equipment would be necessary tc remedy this lack. How-
ever, the chief obstacle to a propagation prediction program based upon

weather forecasts is a lack of knowledge of the precise effect of weather
o
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charges on specific circuits. Two circuits in ihe same general area
may show very different response to a given weather situation because
of differences in terrain, antenna orientation, antenna height etc.

b. Before forecasts should be attempted for operating circuits,
the radio-weather relationships on each particular circuit need to be
studied intensively -- i.e., radio data for all periods of the day and all
months of the year should be available for study with detailed synoptic
weather data for the area.

c. Radio data necessary for long-term studies of radio-weather
relationships are difficult to obtain. Some system of regular sampling
of fading rates, faZe depths, and median field strength on operating

circuits would be of very great value to radic-meteorological research.

d. Potentially greater benefits are likely from radio meteorological

analyses during the circuit design process, than from short-range
predictions after the circuit is in operation. Cert2'.1 climatic factors
or meteorological situvations are known to increase the probability of
anomalous propagation, even though a precise short period forecast of

propagation (based upon weather forecast techniques) is not believed

feasible at present.
10,0 Acknowledgment

Acknowledgment is due the U.S..Army Strategic Communi-*

cations Command for its support of this study.

66

A ' YT T R CITY TITI T T Tr——

USRI NEPRIRUOUIEII PRSP SIS SRS (s e e e SRS

[Ty " SF A




1.0 References

. American Meteorological Society (196 3), Policy on weather forecasting,

Bull. American Meteor. Soc., 44, 445-446.

Anan’ev, K. N., and V. N. Troitskiy (1964), "Experimental study of the -
diffraction of ultrashort waves at mountain ranges, '' Telecom-
' munications, Partl, 18, No. 10, 1-5.
i Anastassiades, M. A., L. N. Carapiperis, N. K. Kariambas, and P. G.
Paraskevopoulos (1962), "Prediction of field strength fading forms
by means of weather situations, " Geofis. Pura. Appl. 52, 143-152.
: Anderson, L. J.,J. P. Day, C. H. Freres, and A. P. D. Stokes (1947),
‘ ""Attenuation of 1. 25 cm radiation through rain, " Proc. IRE, 35, ‘
No. 4, 351-354.
Anderson, L. J., and E. E, Gossard (1953), "The effect of the oceanic
duct on microwave propagation, ' Trans, AGU, 34, No. 5, 695-700.
Angeli, B. C., J. B. L. Foot, W, J. Lucas, and G. T. Thompson (1958),

"Propagation measurements at 3480 Mc/s over a 173 mile path, "
Proc. IEE, Pt, B, Supp. 8, 128-142.

Arvola, W. A, (1957), "Refractive index profiles and associated synoptic
patterns, " Bull. Am. Meteorol. Soc., 38, No. 4, 212-220.

Battan, L. J. (1959), "Radar Meteorology, "' 50, (University of Chicago
Press).

Bauer, L. H. (1961), "Correlation of wind shear with tropospheric scatter
signals, " IRE Trans. (AP) 9, 466-470,

¥ Baynton, H. W., H. L. Hamilton Jr., P. E. Sherr, and J. J. P. Worth

i

(196 5a), "Radioclimatology of a tropical rain forest, " I, Geophys.
4

. Res., 70, No. 2, 504-508.

: Baynton, H. W., J. M. Bidwell, and D. W. Beran (1965b), " The association

) of low-level inversions with surface winds and temperature at Point

Arguello, California, " J. Appl. Meteorol., 4, No. 4, 509-516.

67




o 5. e DA g

vselln Senis

Bean, B. R. (1954), "Prolunged space-wave fadeouts at 1046 Mc observed
in Cheyenne Mountain propagation pregram, Proc. IRE, 42, No. 5,
848-853,

Bean, B. R. (1959), ""Climatology of ground-based ducts, '""J. Res, NBS
Q_Q_(Radio Prop.), No. 1, 29,

Bean, B. R., and G. D. Thayer (1959), '""Mcodels of the atmospheric radio
refractive index, " Proc. IRE, 47, No. 5, 740-755.

Bean, B. R., and R, E. McGavin (1965), "The use of the radio refracto-
meter to measure water vapor turbulence, '"Humidity and Moisture,
2, A. Wexler, ed. (Rheinhold Publishing Co. New York) 561-568.

Bean, B. R., B. A. Cahoon, C. A. Samson, and G. D. Thayer (1966),
"A world atlas of atmospheric radio refractivity,’” ESSA Mono-
graph No. 1, {U.S. Gov't Printing Office, Washington, D.C.).

Bean, B. R., and E. J. Dutton (196¢), '"Radio Meteorology, " NBS
Monograph No. 92, {(U.S. Gov't Printing Office, Washington, D.C.).

Behn, R. C., and R. A. Duffee (1965), '""The structure of the atmosphere
in and above tropical forests, '" Report No. BAT-171-8, Battelle
Memorial Institute.

Burrows, C. R., and S. S, Attwood {1949), "Radio Wave Propagation, "
(Academic Press Inc., New York, N, Y.), 146.

Chisholm, J. H., W. E. Morrow, B, E. Nichols, J. F. Roche, and
A. E. Teachman (1962), "Properties of 400 Mcps long-distance
tropospheric circuits, Proc. IRE, 50, 2464-2482.

Coons, R. D. (1947), "Guided propagation ot radar in thunderstorm
conditions, " Bull. Am. Meteorol. Soc., 28, 324-329.

Cowan, L. W, (1953), "A radio climatological survey of the United States, n

Proc. Conf. Radio Meteor, U. of Texas, Austin.

Crain, C. M., J. R. Gerhardt, and, C. E. Williams (1954), "A preliminary

survey of tropospheric refractive index measurements for U. S.

interior and coastal regions, " IRE Trans. AP-1, 15-22.

68

|
|
i

BRI S s Shite s




()
-

P e e ikl N el At e

\
B

Day, J. P., and L. G. Trolese (1950), '"Propagation c.f short waves over
desert terrain, " Proc. IRE. 38, No. 2, 165-175,

Dingle, A. N. (1960), '"The micro-structure of rain in a summer shower, "
Proc. 8th Weather Radar Conference, 99-106.

Dennis, A. S. {1961), "Performance of tropospheric scatter systems as a
function of weather conditions' SRI Report No. 5, Stanford Research
Institute,

Doherty, L. H., and S, A. Stone (1960}, "Forward scatter from rain, '
IRE Trans. ili—_g, No. 4, 414-418.

Doherty, L. H. (1964), "Airmass effects on \roposrheric radio scatter,"
Can. J. Phys,, 608-615,

Doherty, L. H., and G. Neal (1959), "A 215 mile 2720 Mc radio link, "
IRE Trans . AP-7, No. 2, 117-126.

Douglerty, H. T., and R. E. Wilkerson (1967), '"Determination of an-enna
height for protection against microwave diffraction fading, "

Radio Sci. 2 (New Series), No. 2, 161-165,

Durst, C. S. (1946), '""Meteorological factors in radio propagation, "
Physical Society of London, 193-212.

Fengler, G. (1964), "Dependence of 500 Mc/s field strength values and
fading frequencies on meteorological parameters, ' Proc 1llth
Weather Radar Conference, 84-87,

Flavell, R. G. {1964), "Further radio-meteorological analysis using

potential refractive index, ' J. Atmosph. Terr. Phys., 26, 41-49.

Flock, W. L., R. C. Mackey,and W. D, Hershberger (1960}, "Propa-

gation at 36500 Mc in the Los Angeles, California, basin,"
IRE Tr:ns - AP-S, No. 3, 235-241.

Friend, A. W. {1945), "A summary and interpretation of ultra-high
frequency wave propagation data collected by the late Ross A.
Hull,' Proc IRE, 33, No. 6, 358-373.

69

p———

i

N Su¥s, .

#




Fukushima, M., H. Iriye, and K. Akita (1962), Spatizi distribution

MR IR YRR R i P &

characteristics of atmospheric refractive index from heliocopter .

and kytoon observations, ' Jour. Radio Research Laboratory {Japan)

9, No. 45, 369-383, -
Gough, M, W, (1955), "Some features of VHF tropospheric propagation, "

Proc IEE, Part B, 102, 43-58.

Gough, M. W, (1962), '"Propagation influences in microwave lirk
4 operation, '" British IRE, _Zi, 53-72.

Hay, D. R., and G. E. Poaps (1959a), "Prolonged signal fade-out on a
short microwave path, " Can. J. Phys., 37, 313-321.

Hay, D. R., and G. E. Poaps(1959b), "Frontal perturbation of a tropo-
spheric scatter path, " Can. J. Phys., 37, 1272-1282,

- Head, H. T. (1960), "Influence of trees on T.V. field strengths at ultra-

high frequencies, ' Proc. IRE, 48, No. 6, 1016-1020.

Hirao, K., Y. Uecugi; and K. Tao (1952), "Propagation characteristics !

PP

of VHF over a distance of 125 km, " J. Geomag. Geoelect., 4,
131-140.
Holden, D. B., E. E, Gossard, and R. U, F. Hopkins '1960), '"Radio

meteorology and climatology of the eastern North Pacific, "
Research Rerort 966, NEL,San Diego, California.
Ikegami, F. (1959), '"Influence of an atmospheric duct on microwave

fading, " IRE Trans. AP-7, No. 3, 252-257.

Ikegami, F. (1964), ""Radiometeorological effects in propagation over the

i gea and islands, ' Review of the Electrical Communications
Laboratory, (Tokyo),12, No. 5-6, 312-324.

Ikegami, F., H. Haga, T. Fukuda, and H. Yoshida (1966), "Experimental
studies on atmospheric ducts and microwave fading, ' Review of the

Elect. Communications Laboratory, 14, No. 7-8, 505-533.




e

TSR 5t BT TSR M

g

[

Y
ey - TP T TR pR—e 1

Jenkinson, G. F. (1966), '"The dependence of tropospheric radio
p-opagation on the weather and a study of radic meteorological
correlations over Bass Strait, "' Researcii Laboratory Report No.
6121, Commonwealth of Australia Post-Master General's Department.

Jeske, H. (1964), '""Transhorizon transmission and height gain
measurements above the sea with waves in the range of 1.8 cm to
187 cm under special consideration of meteorologicail influences, "
Proc. lith Weather Radar Conference, 458-463.

Joy, W. R. R. (1958), '"Radio propagation far beyond the horizon at
about 3,2 cm wavelength, "' Proc. IEE {Br.), 105, Pt. B, Supp. 8,
158-164. (See pp 153-157.)

Kalinin, A, 1., V. N. Troitskiy, and A. A. Shur {1964}, ‘'Statistical
properties of tne signal in long-range USW propagation, "

Telecommunications, Fartl, 18, No, 7, 1-10.

Katzin, M.,'H. Pezzrer, B. Y. -C. Koo, J. V. Larson, and J. C. Katzin
(1960), "The trade-wind inversion 25 a transoceanic duct,' J. Res.
NBS 64D {Radio Prop. ), No. 3, 247-253,

Kerr, R. E. Jr., J. R. Thompson, and R. D, Elliott {1962},
"Quantitative assessment of the performance characteristics of

the airways terminal forecasting system, ' Aerometric Research
Inc. USWB Contract Cwb 1077,
Kiely, D. G., and W, R. Carter (1952), "An experimental study of

fading in propagation at 3-cm wavelength over a sea path,' Proc.
IEE (Br.), Pt. 3, 99, 532-60.

Kitchen, F. A., E. G. Richards, and i. J. Richmond (1958), "Some
investigations of metre~wave propagation in the transhorizon
region , " Proc. IEE, (Br.), Pt. B, Supp. 8, 105, 106-116.

Landsberg, H. (1960), "Physical Climatology', {Gray Printing Co.,
Dubois, Pa.), 200.

71

AP huh Vatuifiig




hoon ta ol

=

TP

TR TR AT
WA 3 4 BN

A

YT

12l

HOMPINAY

TSI

NPT TR 8
s oas b2 8 ad b

TR T
. ~

T e LI ity o b33 s it iU AP AR A oI T S Lo et N A A L £
; . .
N
.

Lane, J. A. {1365), "Some investigations of the structure of elevated
layers in the troposphere,’ J. Atmosph. Ter:. Phys., 27,
969-978.

Lane, J. A., and P, W, Sollum (1965), "VHF transmission over distances
of 140 and 300 km, " Proc. IEF (Br.), 112, No. 2, 254-258.

Medburst, R. G. {1965), "Rainfall attenuation of centimetre waves:
Comparison of thecry and measurement, ' IEEE Trans, AP -13,
No. 4, 550-564,

Moreland, W, B, {1965), "Estimating meteorological effects on radar
propagation, ' Air Weather Service Technical Report No. 183,

1, 45, 143.

Peterson, C, F., J. E, Farrow, ¥, M, Capps, and C, A. Samson
{1966), "Propagation at 5 GHz in Europe ~ A comparison of
predictions and measurements for various types of paths, ' ESSA
Tech., Report IER 2-ITSA 2, U. S. Dept. of Commerce,

Pickard, G. W., and H. T. Stetson {(1947), '"A study of tropospheric
reception at 42,8 Mc and meteorological conditicns, " Proc. IRE,
35, 1445-1450.

Raghavan, S., and K. Soundararajan (1962), ' A study of abnormal radar
propagation around Madras, " Indian Jour. cf Meteorology and
Geophysics, 13, 501-509.

Rice, P. L., A. G. Longley, K. A. Norton, and A. P. Barsis (1966),
"Transmission loss predictions for tropospheric communication
rircuits, '* NBS Tech Note 101, a, {Revised),

Rider, G. C. (1958), ‘'Some tropospheric scatter propagation measure-
ments ard tests of aerial siting conditions at 858 Mc/s, " YEE
Proc. Pt B, Supp. 8, 143-152,

72

ML




ki
-

i e W m Tar nan o ey Ay

T QU CUAT- o) e AN LI

.

Ringwalt, D. L., W. S. Ament, and F. C. MacDonald (1958), '"Measure-
ments of 1250-Mc scatter propagaticn as function of meteorology, "
IRE Trans. AP-6, No. 2, 208;209.

Ringwalt, D. L., and F. C. MacDonald (1961), "Elevated duct propagation

in the trade winds, ' IRE Trans AP-9, No. 9, 377-383.

Ryde, J. W., and D. Ryde (1945), "Attenuation of centimetre and milli-
metre waves by rain, hail, fcgs, and clouds, ' Report 8670,
General Electric Company Research Labs., Wembley, England.

Sabin, R. C. (1966), "A study of the meteorological conditions sur-
rounding commuuications outages on the Ringstead/Gorramendi
troposcatter radio link, ' Tech., Study-28th Weather Sqdn. (MAC),
USAF.

Saxton, J, A., and H. G. Hopkins {1951), ''Some adverse influencee of
meteorologicz1 factors on marine navigational radar, Proc. 1EE,

‘?_8_. m. 26‘36.

Saxton, J. A., and J. A. Lane {1955), "Eifects of trees and other obstacles,"

Wireless World, 61, 229-232.
fmith, E. K., and S, Weintraub (1953), '""The constants in the equation

for atmospheric refractive index at radio frequencies, ' Proc. IRE,

41, No. 8, 1035-1037.

Spencer, C. W, (1952), "Radio propzgation at 89 Mc/s in relation to
synoptic conditions, "' Meteorological Magazine, 81, 216,

Stark, J. W. (1965), "Simultaneous long distance tropospheric propagation
measurements at 560 Mc/s and 774 Mc/s over the North Sea, "
Report No. K-158, Research Dept., British Broadcasting Corp.

Trevor, B. (1940), "Ultra-high frequency propagation through woods
and underbrush, '* RCA Review, 5, 97-100.

73

A




iy
’,

RAMASARPIEA A hana]l { sl gl ooy

ALY AN
v

AP Re MEURARS VNS LR SIAC AR W
T

===

e S o U SO SR BRI B A Faridsatidat e sl OSSOV S IAT A R { LIRS/ WS D A AU AL AL (SRR W e
g “ : S

Ugai, S. (1961), '"Studies on microwave propagation within line-of—éight
distance, " Proc. Microwave Seminar, Tokyo, Doc. No. 6, 30-43,

Ugai, S., Y. Kaneda, and T. Amekura (1961), "Microwave propagation
test in mirage district, " Review of the Electrical Communications
Laboratory, (Tokyo), 9, Nos. 11-12, 687-717.

Wickerts, S. (1964), "An investigation of the semi-fine structure of the
refractive index field in a coastal area, " Proc 11th Weather Radar
Conference, 264-269.

Wiilet, H. C. (1951), "The forecast problem, ' The Compendium of

Meteorology, (Amer. Meteor. Soc. Boston), 731-746.

74

AN T IR e TR T AR AT T TN RS

.
S —— s an




S Soprs ey

TR p K A f . <9 . '
AT . . ot

-

{=656y)
sdvog
81 *3yBiu 3w Juenbexy szows synospey wpwue) WY pe SHD 2 pue Ay
‘serygoad Lprwuny pue sxnjezeduics 30 UORIWIIVA ) SHIN 020¥ (6561)
LI ¥UINID SFUSUL JO ITNEIX ¥ 8% PAIINOD0 FUIpYy [PUINIOOU 8IBARE uedel unf g pg SHIN 268¢ yurefoxy
*sTwuBis [FMINIOOU peqImsyp Axea o3 sTwulye THNW VLI
Swildep Apeais wosy SuSuwz ‘sucivriva [YuSis [wuInip poyIvW ouw (gs61)
st sous (39903 PIOD ayy pue WeBIN) stiwd Daey enIFY Ivop 83,. 27, patrep SHIN L¥°¥L y3noD
foset)
‘gP 05 v R3yy sw oSuwyo Teuanyp wy S ‘vl SHN 000¥2 aseoxy,
1 v fupanes 8300p opes Buosis peonpord UOTINIPEI [RUINIOON ORIy puegy 03 SN 62 puw L=q
*UORI®Au0Y Surzzow Aq peszedsyp
SWM I94AW] UOINIVAUT TIYM (A0 IV POAISSAO sem TP OF JO
doap pydey swp [¥S0T 0090 I® sUOISISAU) eanjvzeduie; mn {z961) STOWIWIIVA
1 edujans BuoaIs WITM POAINSQO IIeM BYRAST TRuBie Buoaig uRiqery urg Q€1 SHEIN 0¢ qincn Teaanicq
*01 jo 20309 (0961) suosg
2¢ £q Suipe; 3o 9sweIou} UL sINEd Avws UORENUNE UTRY prUy wy 1 IHW 0zL2 Puwe Aizsyoq
*EP §T JO TT¥] T0ASY TWIPOW ¥ YIjM (ag6t)
g ano20 [T1m Tealie OIPEI OU3 JO UOIENUSIIW UTES LAwey uY puvifuy  unf g2 SHW 0gps 1% 39 lafuy
ueep (1g61)
‘ofuws ofpex jo worONpes E13i A X ¢ surpdoyy ayey 4Aq
1€ ® Ul 83[NSIX upes Lavay o3 enp Teudis Jo uorINnuUNY ~-gwypuy BHN SL£6 PURUYOIXEG  UORWRUINY
(s¥61).
9¢ Suipe; pidex puse steuldis Mol = I sswpy wry 091 SHN 09 puatz gy
Aapovxyexzedns ou pue syvulis Sty = Lwt *
VO puw v o3 paredwios usym s3WIpawmIINug = q
Lt AjjAnowayezzedng ou (e[wuBis MOl » VO (¥961) sess vy
SROPIPUOD PARdEIFIIIdNS = YU wprue) wy $§T XHW 0222 ArzsqoQ XY
Iteg nmeay uoyed0T yyBuey Aousnbex g Ag K30803%0)
neg opvy poizoday Ioqpvo

sdiysuopvrey 1ed180[0X0OW-OIPTY JO AJRIUWING ‘] QLY 027

75

S Y S

o awben o g e ssmmnrt et

A) NI AT




‘wuuLIUe SYI Uwyy
oyBiy Arqerdexdde uorra9auy AUl YIm TTRWS ITam seBuer Suipw;

¢gP 0€ yotea 3yStw sBuvs Suipwy w3 (W 0GT NOQE) wUUNUY 83 jO (0961)
0z WBIIY sy MOT9q swm Iake] uOIEIRAUT sanjwsadwue) Iy UNYM 114 Jo) uy g1 ZHD 9€  ‘I® 39 XdO1Y
*SUOIN IPAUY
sanyesaduiay PIIeAS(e peonpoad-eduspisqus Ay PIpesIXd veg YIION ZHD G °91
91 9q u®d 3oNP UOTIRIOABAS [PAI[~-MOY Y3 JO IDUSNYUL 4T, urWIION U 2°LL 03 ZHIN 091  ($961) adsel
*i3Susris reulis OIPRI POSVIIOU} SUOTSIIAUL ury 00€ ZHW 981 (5961) wniros
12 sxnjeaedutay PIIBAI[S AQ POSNTD $300P OIPIX PRRAINY puwiBuyzy  pue Op Pue y.1 pue aue]
‘y3Buoxis TeuSis PIsTSIDUT PIENTED FUOTSIIAUY ouuwyn SHW G °€02
1z sanjesadwey Aq powrzo} sIoke] aaj3dvajaszedns payeAdly ysyiBug  wxf 009 pu® 98 (86T) WOYIITN suofsaeAty
*A1wpunoq 3w pnord 10 /puw 9zwy Aq PeIWITpu} 18394W] 9AT3ORI)OL ' (¥561) oamwzadwa],
. 61 228U0338 ItM PIIREIOISE O -] JO SUOTHIRAUY aanjvzodwal, ‘v*'s'n ‘te 1@ urex) potRARLT
sgovyuo
*(yiwd suyerd o3 sSJULIpPRID
. 5% UINUNOWE) AW JO %G L IUAO §IN0IPY} 4Q paturdwooae Sutong ‘0109 wy 211 ZHIN 9¥01 (pg61) weog Suypiong
-~
, (¥961) Lpasro L
LE .>.ﬂ 30 Iwry puw Mﬂuﬂﬂm uIININQ v9>h0lﬂo SUM QO“UDOSOU ON ‘y's‘s°'n wy 261 AHD T puUw AR UTUYy
(s¥61)
9¢ *IAUIM UT 30939 [RUAND 80T ‘ESYWN w091 *HW 09 pusta g
*3y8ru (0961)
0z oy3 Bujanp usy; SWIRAWP Ul I9MO] yonwe sTm aSuex Suipey #3318 Jo) ury g1 ZHD 9¢ ‘1@ 38 »o01g
urf 0€L 3HW 0§2¢ (¥961)
6€ *owrzAvp uy 2omot AtyByre sywusig *¥°s's‘n 058 03 0§2 °TW 39 upuIey
‘ SHW §9 (2561
2% *3yB1u 3@ S1qEEITION PIOW IDNFP [RUOIT uedwr w621 puw 0GT  ‘l® 3@ OBRIIH (P4340D)
(]
sswTyug (1961) SUOTIVIIVA
o¥ ‘8309359 (RUINIp ON 0y “e[g U 0%V ZHW 2921 spuueg feuaniqg
¥?8eg seey uoed0Y yBuery Aouenbea gy Ag A3080ien .
wed oipwy poaizodey IoyIvO M

. {(penupuon)i eiqe]

Pt

N ———————— [y W ——— v S———— -
T Y . o e At AT T e . A

W

,,QJ«.A.A.._ [ "y

L2 Matos v a0t

i
sk

. A
§d
%..F PR
e a o R i

%
% Fe bl




TE T e

Lara ol

T

B N L I A UL G UL B v
STV e o i ot )
. i " T L . “n

. v " [ .

T . h el s
. wireaysny {9961)
6 ‘c2 *J0x; 9T09Xq WS Aq pesnvd uozovIysIxedng qnog wy LGT SHW 0061 uosupyue
uoIeMIALD
*wY G9 03 0§ (0961) ozeexg wag
w2 00T UYYY PUBTU I9YIIW] SPUIIXI UIOPISS $XNGIQ B ‘v's'n Szeqspuey pue puwy
. *Adouwd 38030} ¥ sANQY (§961) 9oy
(13 Isnf s 91 uy OOm ‘€ JO UOIRIBAUG BaANJEIBdUL} POINIVOW soidory, pur wjeg@
*SHIN 000€ 3¢ W/GP 6 °0 (GG 61) suwy
14 pue SHIN 0€ I¥ WI/GP 20 °C TPOOM MOTYI U} UoIINUSPY pus uoIxes
. ‘ayBusxys Ywull,s peswaxaep pue syeulis pawnusne (e5061)
13 Ul POIINSII 99923 Jo Adoued ¥ YILIUIQ PAUWIIOF #IONP OIPTY wyqumior)y FHW §9:54 '1¥ 39 uojuieg
_“ 1 47 *8poOM ADTYI UL I} (00§ /UorINnuULIIe P 6T 03 21 ‘v's'n SHW 00§ (0¥6T)I0AeY
. *IPA0T JRd29d G IO7 INTWA YIXWI YIOOUWIe Y3 JO §83IXD
¥s uy gp 22z INOqE Swm §993) 03 NP UOIENUNE aBvIoAw YL pueriAIeN ZHIN 28¥% (0961) peayy 838930y
i jswo) {(3967)
: ¥2 *o9p snivxys jo doj 3¢ W0y Awwy ex2iw] eAfidvIezIadng  OUYIYL ‘SN pueIeILW
N 18w0))
i d1310%d A ¥G61)
L 61 ‘anjwIis Yitm sxele] sajidesjex Suong ‘e'n e 1@ Uyez)
s *AnaueogiuBye LA D 4 (vg61) supydol
w, pc eTwuBls ojpes ajwnuanw Aww {L3111q181A Teo13do moy) Boj esusq suiog ZHWNW §L€6 pus uoixsg
H ‘unf/gp 7 °0 3¢ 9jwnuene Avw SN (2561) 19338 spnord
: €€ sreaBrs ojpex ‘w ¢ Inoqe o3 parutl a1 ANTIqIsA [eoTydo uSyM puwBuy un 92 000 ‘o1 puw ATo1) pue Sog
s (p,3u0D)
: SUOTN IPAUY
‘yjwd UOIIONIFIIP-9TOIBQO UO Wiuadq OIpel o uoissdadop (9961) *Te 9xnjwzedwia],
6€ posnNEd s12AW] PRIVARII raym soseo] uonyeSwdoxd snoyaeg edoanyg wy $0¥ ZHD § 310 uosIeNg poaYRARIR
aleyg symsey uoyeso] yiBuey Aouwenbar g Ag AzoBere)
yivx vpwy polxoday I
{penupuon ) 1 e1qel

R NP

et b Mmem mms e v v At emE e s oewae B e

'
L i L sad mshslan e Narmdan




WY

band il ankdis Slaiob ot o

AR ML Chgun ol

Fethart 500

P bt e \

*Surpwy puswcrouy Afjersusd juca;y

PI0° V ‘padotarap suotexoauy uaym o Surxds puw xejuim uj

gpP 0¢ *¢ Yy sv 2aom sopnyyidwre Buipe; rvexe sanssdxd Moy 3O
83031008 wawm ug °‘sapw; deep ou yitm sfwudis orpel YloOwWSN

(2961) °1¢ 30

Gy oawd 1ajutm uy swexe axnssaxd yBiY Jo IO spum A[IeYIToN LEIT X0 wy 621 IHW S002 UOPRISREIS YUY
Touusyd
e ‘was 1940 98p1x esanssaxd ySiy up 4By exem sreaey Trulig yeySug THIN SLES {9g61) Lop sjussg pue
‘syjed pue| I9A0 SUIIINAS wy 02¢€ swalsdg
¥y eanssaxd yBiy yizm uwyy eanseaxd mof Y3rm uonyeBedoxd xenieg pusiBugy 03 06 IHW §L€6 (g561) Ao anee Ty
. |
*29yIvam AIp peTiies {¥961) ApMe3roay, !
LE U} PSEYOIIGDP PUW UjE: ¥ 193¢ peswasdu] yidep Surpey ‘M S'S'f1 w761 IHD T puUY AQ,uRUY
‘pelams
uorywyidyoead sy3 sz peddoxp 19407 Tvulis ayj puw pesweIduy
Supe; uoys ‘yBy sxem sTaaa] [eulis uopsmdioead eys3 jo 3xwie
Y3 9I0J9q XU § 03 ¢ IOF ‘UTWA U} POIMIST JWY) SUOLIIPUOD (s¥61)
9¢ spreydsounye pajuwdwodse ey Teuldis 3soysiy jo sporseg ‘sswp wy 091 THW 09 pueys g
SHN §9 (z561)
k42 ‘uopywitdioead yItm sdwp uo yBussys (vulis moy uedep wy ¢21 purpogy ‘233 oevnty ®
*10As] TRuSts aswexou sawy 3w Awws uyer wogy Buizaneds ‘o1 jo {0961) sums ™
2¢ X030%) ¥ Aq SUIP®} JO 9 WSIOU UT #8N¥D AW UOIIENUSNE Uty wprur) wy gyt ZHN 02.2  Puviixsyo(Q
2¢€ ‘w{/gP 950 ° 93X uopENULRE ules Aawey ul puriBug w002 N OBVE ﬁﬂmmmw
uwedQ
el L (1561) supydoy
1€ *[eWIIou 30 ¥ /T 03 ¢/1 oBuEx IWpPE: U #INIIL Ujes AaweH pue uwjpuy THIN SLE6 PUT UOIXWE !
‘saneA TWO0I00Y} epAY (L¥6Y) *T® 30 A
o€ oY1 uwyy I1eaxB sowtyy 0°2 03 G T FeMm (Tur/gp) UoHIEnNUNIY 1teMeH wy 2 wo 67 °1 uos I0pUY |
f
*(p61 *ophy) Axoey3y Lq pejojpexd uwys xe3vesB (§961)
62  Aensnt [[eFUTES WOI] SOARM OIPPI IIJVWIUSD JO UOTIWNUNNY jsxnypepy uonywmdioexgy
*132dy pu® JOIWHN UF LUOHIIPUOD SAfIORIFeazedns Buoxis (z961) i
119q0320 U} 9AT3ORIFeIIRdns AT[euciswdd0 {(xaquueides 1puY usfereepunosg _
0% ySnozy; aung) uoosuow ay3 Sujanp uorieSedoxd pxwpuwmig ‘sRIpe puruvaeydey SUCOSUOI _ :
- _
a8eg s ey uoj3ed07Y yiBuaot Aouanbex g Ag Azo8e3wn)
yivg opwy poizodey ey

{penupsuon) 1 orqer




ATTAARTETIWYLLLEY YOV

-y

‘ N . R ) . .. ’ .
e . : TR | e R ET T
sayre2 sxnnsead yBty 3o EPIY UININEM
oYy uo aow(d saw; sdoany jo 1seMIION Y3 UT Jedwr Azepunoq
% 3 oY1 YIIm puIwpoossw AjAaTiontses ur eSuwyd jseywesd ey sdoany (¥961) TIRA®L T
‘panseazd Y1y \I1m peaIseqo
919m saBuwx ojpvz pepudixy ‘axnssexd mor QITM e swieysle
(44 sanssexd yBiy yim A1eMir ov adim) syySueays preyy Yy puwiBuy w167 IHW 68 (2§61) 2enusdg
‘yswed YY) POSNOID JUOIF PIOd ¥ J8yye peswvedduerp IHIN 0Z0¥ (996%)
G2 a3yB1u 2A5INOIKUOD oM Uo Butzanod0 Suipwy PeNIYA usdwp wy 66 pU® 0g6€ ‘(v iojweBeyny
‘Tiewts evm y3SueI)s PIIy Uy UOIIVIIVA [WUINID
oy3 wopnwmydiosad jo sewyy pue IAuim Burang  'IUOIF WM
vy} 39739 203wea8 pwy Juol; prod !arvulis By A[[vwusouqe ZHW 061 {(2g61)
2% aenwd s3u0a3 ‘yywd I0A0 sanseexd yBiy yitm spreys IseySiy wedep wy ¢21 puw g9 ‘I 39 OWITH
‘S OJURL VTP w €0¢
2uoT DA 013uR-2UOLIAD O1100de ON ‘PIEMIVIW AI3A0082 03 ¢3 ‘way THWN 062¢€ {p961)
8¢ mors !a8wsswd [w3u0l; \im TeuBis ut dotp gp-07 23 01 *¥°S'5'N 0€L O 661 0y 0§2 ‘1w 3@ upmey
*3yBIu 1w A[3I80OW PRIINDIO SUOTBIGAUT DxnIRIodue] IDVjING
‘safesswed [MuOIy 9y3 pemor[of Iwy) aanssexd yliy ay3 ug pesanddo
' sSuipey Buoxys ‘eeSweavd (wiuoly prod Sutanp o0 Isyieem
: w juswatdur yo spojxad Buranp juenbaajuy azem sBuipwy veder (19¢61) vo3n
* 20339} Juwyxodury eduspisane <
QW 00L~066 #3RAR] PATIdUXFRX ATYBIY {Iim Pezandd0o selwno uyedg
6¥ *oBwsswd Juoly prod yipm poaoxdury uorivBedoxg -puetSug w008 ZHW 006  (996() uiqesg
Ov ‘oBwaswd 340Iy P(OD ¥ IUIFW PROU AWM XY ¢ Ul GP G JOdOID YV swumyeQ WX 08y THW 2927 (1961) sTuuaq -
‘wanswL (ws61)
‘ 61 IR JO PUT LW USSMING JUOCIS I¥ #I0AW] 9ATIONIFRL Buodig oo ‘1% 39 UwID
“juaipess
aapzdwIyoriedng pejwasd(e peaunouold v eonpoxd Awus eyBiy
oy wawy -suspwad sapiowayax Buoxye mej sawy wydiy Jwerog ‘'v's'n (LG 61) TlOoATY
‘anseoxd osrrsydsounye
ano] pur sYIBUSIIE PISTY [9A[-MOT YITM PRIIND00 Buipe;-jevy
*axnssazd orzeydsouny ySiy jo wporrad Burxnp pexIndv0 puw (eogSUION) WY 0% ZHW bLL pauo
sb aSu. e PIIT YITY Y3jm pajwidosse A((uraual Buipry-molg puerBugy Wy P61 ZHD 095 (§961)dNIWMS L0 .:m u_.w
*woauyy ((vnbse jo sweisig
o¥ a8essed Yi3rm padjiou sywuBis oypus ydiy yo spojzed jetag v's'n {,501) v[oATY OUNESOIT
aBeyg uoIRIOY yIduory fouenbel Ag .Auouo»n.u
yiedg o\pwy najxoday KT TN
{ponuraunsy) 1 Qe
o LT AR ASE AN S raent  aras ao s ~
— e - . e C W e v e o v e

" o v NPT PR PPURI

7

L 5.:,,‘«.3.3

X

@




AT et m

P Ll et

Seanrn -

L b e T T r o v S e ot

: snidio ZHW ¥Lt
61 ‘wnne U 19AS] TRuBis UT PUSI} PIVAUMOD 9\qedexddy 1owls] ZHW Ly Ll (5561) yBnon
*juerald JOU UM PUSIY TRUINIP
[enen 3 puw ‘A Ut sem 2OUSIAINIDO ;o Aduanbes; pur FHW 00011 °1 (1951}
pt 9Bumz Buipey Isetessn -jEnSny Ui PaIanddn suypey 3eIspoN uwdep ZHW 0061 ‘1w 32 ye8n
‘e Azea Axwnuwp
ut y3Busays ywudye Ut SIOUIIIIIIP [WUINIP UWIN EP OF InOQw mon
€1 2oqweidag ur Y3Buois reulis Uy 19OUIIILIIP [WRINTP ULIN ueiqeNy wy o€ SHWN 08 (2967) ynop
‘rautwing syt uy #d1doxy Iy3 103 #3ONP
poseq-punca? jo 2IUSIINIDO WNWIXWW " ISIUTA ay3 Uy dHIdIE sxoydsiwoy
21 Y3 10] $300p PAINRY-PUNON JO IOUBIINIIO WINWIXSW uIYIION {6561) uveg
‘ wivasny (9961)
i 6 cAPWAWMA Y3 Y UNY) IMUtm ayy uy Juipey ssor Aqerepisuo) yinog wy L6 SHW 0061 uosUIHUIL
m SHN 88%
H ¥ ‘uonwnuanv ul oNuwys PINED UOLVIE YIIM 98vwyt05 30 9Buwyd pustAIen 0} 28% (09¢1) peaH
. . *ITR 3O JUMEUCI ITXID[NIP YItmM UOPIN[RLII0D X004 wy €0¢ M
m ‘sUO31PUOD gy Fuyanp paswaxdep Bu,pej 3o 3dep puw PasERIdUY 0} £g ‘way SHIN 062¢ (¥961) suOnIRIIIIOD
B¢ [euBis ‘INUIM Uy UTY) JOWWNS U] L93wa1B uOHWNUNY *H°S°'S'N 0€L O 651 03 067 ‘1w 39 upuITeN reuosueg
‘qyed oy} YITM U0l
a3 Aq apwwt oyfue 93 Itm patava uoysseadep [eulie jo juncwe (L 61) uORIa3g
¥ ayy ‘ereaay [eusis pazomoy soSesewd [wjuosj Jo sadhy TV eseN W 0LZ BHW §°2¢ puT pIeOIy
‘yyed wo IAIULD MOY JO IY ZT UTITM 3wl
Suipe; ySuy °EIUOIF WIWM UNYS 309530 13eexB eAwy #U0I} PIOD
swmurrxeur ¥ yowss o3 paswadde Surpey oy3 yiwd oyl o I9jued 3y (q6s61) sdeoq
9% BAOQR LU (06 INOQY S¥M SUOF [WUOIF Y} JO AIWpuUNOQ N UM wpruRn wy g7 SFHN 00§ pue Ael
. (v6561) #dvod PL3uAD
- caxnsgard YAy jo I23UGD IWSU KINCIPE} IVON prUe) wy ye IHIN 0007 puw Aely sju03 3 pue
(6561) TeON s Nneig
9¥ “Buypey 39da p UM TeuBls PeNINIeIp pesned oBeerwwd JuU0l} PI2D wprUy) wy §1¢ THWN 0242 puw fizayoQq PInssoxy
28eyq sy uoy; 82077 yisue Apuanbax g Ag AzoBo3en
yieg orpeY patzoday Toyled M

. (pumupuon) -y oIqwy

i PENNNRETICH s riy oty 4 ey L

Liabh

o




ey

TS ey PRSP i § e 608 - ottt s e o s
(0g61)
*uonyefwdoxd sAwMOLITUX UO 3D8JFe srquerdesdde us pwy v WX Gyl SHN 00092 ssetoX ],
» 8350p ojpex eowvjIns peonpoad Builood PHINIOOU INIUTM UL osiXy wy ¢ 0 SHN §2 puv Avq
*pez2nd30 safurtws Reym pue 3snfuy yinoaypy Awpy uouwnuod . SHIN 0001]
13 Azoa #300p HYSIT 3 ATISOUW POIINITIO SUOTEISATUL #DVjING uwdep 03 SHIN 0061 (1961) velin
‘qoIvIpes . SHN 020¥
L twuangdou Suoxys o3 enp B 3w sandd0 Buipe} exsang uedvwf Wy g'pg THIN 268¢ (6567) TweSoyy
*(ux 09) wuusjue sy} o By QY
JeOu W (¢ INOGR JO eSPUNITYI ILeT v YSnoayy simssexd rodwa (w6561) sdwog
) 3w Uy IIAW] UOIIIIUNI] MmolTeys v pajuwduioddw JnospeS vpeuw) wy y¢ THW 0002 pue Avyy
*Buiood  IWUOIIVIPRS s3on(y puw 1

pasunouoad Lq peduanyjur eLe syjwd PuEy Y3 SSHIUN INYM I2A0 suotsIeauy

380y uwy; Suipe] ees] 03 308N SIV PUN] IPAO SUOTHITUSUVI] SHW PLT sanyvrsdwiny

st ofpwy ‘Suipe; jo sesxfep BurivA up IINSSI EIONP edwIANG sordoxy, potIwA THW Ly Ll {§561) yBnon sdwjIng
) 3HI §9 (2s61)
2% “xojutm weyy Jewwns uy yiSuaais preyy eySiH ueduep wy 621 pus 01 ‘1% 18 owxiy

‘yyed wi-066 Y3 -
uwyy yyvd WR-00§ Y} 107 I23wdxB 0IIM PRAISSQO ¥OOUSINIIIP wy 0¢EY (2961) ‘1e (@ ©
6§ {euosves 3y} ‘Iawwme uj isoySyy sreaey (wulis uvipeo ‘v's‘n o1 061 ZHIN 00% wioye YD
spuelsy
nusyeg 03
o¥ *293UlM U} UM IPwuns uy IsyNTY s1em eyoeasy [wulig wplIoty W 08Y THIN 2921 {1961) syuueq
*203UTM (s¥o1)
9¢ uwy; Jowwms uy ISy Yonw sxem sywulie awysIN 117 wy 097 THW 09 pustay
*113dy puw YoIWW Ui uoweos AIeA (2961) ,
sxv ajucipesd sapdwrpeszadns Suocllg ‘xequeideg ySnoayy wpuy uefelvIWPUNOg ’

0% IUNp UL PIAIINQO I SUOHITPUOD UonwSedord pxepuwig ‘ewIPSIN pue usaeySey
TIUIM {w6561) sdvog

81 up uwyy Jeuwnuns uy Ajzuenbaly sxowr pazINd00 UINOEPRY wpeue) wy y¢ YO 7 puw Ay p.u0D

i

'SE9I¥ JPOW UT 8% JIWWINY (q5967) PUCTIR(RIIOD

91 3O PwasUY IJUf/A uy Juenbaiy jsow axem sUOCTEINAU] wnuroyIeD ‘v j@ uojuleg [euosess

aBeg sMeay uoy3wdoy YiBuary Aouanbex g Ag Az08s3%D)

wieg olpey paszodey Jeyyeapm

(ponupuon) ‘1 oqey, M
A W e e e i v e e it e an et < . e —
. - . . e .- — e - et e e - R

aad PICI ARV




A SARAUEE £ L e vmeaer cmesweses -

c 293U ATy

ueed0

e cerm e m e e —————— O S

4 rr  Ev—— S SO Fot A S

Buponp anlyl ‘vwnine o3 Bupzds woly (UOFSIIAUT PUIM dPRLI) a1310%g |
UOCISIIAUL FOUIPIIQNS PIILASIS Y3 JO ‘@duasqe I0 ‘@duasaxd Y3IoN {0961)
25 Y] Sem 2INIVYJ IoyIwIm-Orpel Junizodwy 30w Yy, uiasey ‘{e 3@ USPIOH '
puvisy (1961)
W 0OGT 3I90P uoIsuUIINY 1381 1-Te £33 74 .
15 30 Ineq 'IIQUIAON 81 93uwx PIPUINXI 20 YUOWR jseg pue 113vLQg pue 3TemBuly
PusSis]
*30NP U JIVAIRIIX PUR ANITWSUWI] uoIIUAISY
y30q y3im safuws ojpws jeayvaxd fwu 008T 03 00T 3YBTIY pue (0961}
1% aseq ‘Wl Ay 3O IS0W JUISIId seA JONP PAITAIW UY nzexg ZHN 007  'T¢ 19 uiziey
384902 ePIIOTg U3 330 W 00GY wpyxor (8s61) »110,89y o
1 Inoqe 3v punoj §am Justpesd sariowzyazzedns Suosis v sI0YR-330 ‘1230 jumBupy PUTA epesy A
WIZ038 SYY JO 29IUOD Y} IwAu uyex Aawey Aq
patenuaizw aq Awux [wul(s OIPWI YL ‘S3INP OIPVI SINED puw (L¥61) sULI038
2 23WIINS Y} IWIU WAy Avwa 93X 9ede] anIsTOW [RWIOUQY ‘v's'n suvon -Jopunyy,
{asget) .
91 *X23ULM 3] U JUNBLIJ JAOW DI BUOII XBAUT UOTICIPEY L1 T 13434 To) ‘1e 19 ucyude g
P,3uod
83onp uoitezodwad [3Aa[-mOT JuINteIed Aq pourtarelap AteBaey wg wy L°'19 TIHD L 03 300 e
91 s19m satousnbag; sy 10 safizedoad uonyeledoad oy, URUIID w2 °LL IHN 009 (¥96T) axsar -:o«.Moﬂcu
neod sanjezedway, ‘ v
€1 *ga8ues olpwx pasnaadul Ar3eaxd ur paIMeLT #3ONp ddvjINg uwigeIy wy o€ IHIW 08 (2961)y8non eowjing _
a8eg simMe sy UL 210 yiBuery Asuanbex g Ag Axo8a3wn
owpey pejrodeay asyIeom

yreg

{penunuon) 1 o1qey,




PPFRCRI e - -

>

-

£=s

.

.,

PICET WCT

| Ji

L TR "

Ve f . RS WS

- et oo st —— i w vt : L
’ (Ly6t)uosing ‘
2 TERTFIOIIA PUTM 12OMOT YIpM PRLINDIDO *PTAYF oSy Ay, AMWN Wi 047 THWN 8°2%  Puspawyorg 2
T09s /x4 0a0qw Arriioadse ‘poo® sy peads puim ey; puw
YiBusays pyeyy THW-¥YEEC UPIMIAQ UOTINIRII0D IY], *(¢13%00 Uo) {€661)
IVUTM UL TWYL WP IAYINGM OB PUR PUV] UORMIIQ 9OURLRIFITP IHW PEES pInssopn
92 919828 1 0294y ‘PPOGIS PUIM TOMO] ITM ‘Teaums uy puerSuy wy 06 PUNG000T PUNUOS ISPUY
. L2 '33%3 Buipe) pUE Jwoys pupm Usemiug 93vixe UOLIN[3IX0D pool y HIOX MON  uIX G99 ZHN $16 (1961) Jonwg
‘ojwx Surpwy Yy v pesnen {0961) suoyy
L2 FWN(OA Howos Ay ySnoay puza yBry puw upea yo olivssuyg wpruery wy GprY IHIN 0222  puwiizeyoq
*px0292 #1vx Auipe; ay) o3 pejrdde
¢} I 2 INOQY 3O WOURAPY W ® UGYM 93uX Buypvy eyy puw (6561) 1veN
L2 SPUlM 3JTFINS UIIMIAQ SINTXS T IWPU JUGFDIFFE0D UOIIRINIIOD Y weUR) Wy gy THWN 0202 pusiszsyoQg
"309379 103 B Suy3 saw yiwd Iy 0 MmIon SpUIpM  ‘eputm
42§y jo sporaad Hupxnp syeults aot puw ySyy yiloq (epugm Yy 3o
spotrad Butznp sywuSie otpwa ySyy on ‘@2aydsounyw xomor oyl Auwwaory {($961)
92 30 UOIEIYTINIIE J05 AIWNEIDNU ATOM SPUTM GOwWpING ISP HIION Wy 202 THW 006 xer8ue SPUT M
vy symsoy UoIIedOMY YiBuet Aouenbas g ig Axo8mwD
qiey orpey patzodey Jeyve M w
)
(PONUBIUOD )T #(qwy, w
. . . A ~
, ot e i . !
”ng . n. WLt A4 g g4 vid A4aac L, - \
— - . R . - - v

|




FANRRERIG RN L1 v A

P rve

3
¢
i

vikg .,v[i,-n It

XY

Ao {afs i e

T

Z

Wapditnnie, Jopsoniiudndb 7 e

-

i
§

VO 2 s o

Advection

A A LA L ARAIRA GALSC LAY OB
B e M CR L P R 4 U
1y

Air Mass

Anomalous Propagation
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Arctic Air

"

13,0 Definitions

The process of trarsport of an atmospheric
property solely by mass motion {velocity field)
of the atmosphere; aiso the rate of change of
the value of the advected property at a given
point., Advection describes the predominantly

horizontal, large-scale motions of the atmosphere.

An air mass is often defined as a widespread
body of air that is approximately homogeneous
in its horizontal extent, particularly with
reference to temperature and moisture distri-
bution; in addition, the vertical temperature
and moisture variations are approximately the
same over its horizontal extent.

The propagation of energy when it arrives at

a destination via a path significantly different
from the normally expected path. In radio end
radar studies, it refers to the abnormal
refraction of a beam of radio energy, usually
applied to the superrefractive propagation
rather than to subrefractive propagation.

An atmospheric anticyclonic circulation, a
closed circulation with respect to the relative
direction of its rotation, 1t is the opposite ¢f a
cyclone., Because anticyclonic circulation and
relatively high atmospheric pressure usually
coexist, the terms anticyclone and high are used
interchangeably in common practice.

A type of air with characteristics developed
mostly in winter over arctic surfaces of ice and
snow, Arctic air is cold aloft and extends to
great heights., For two or three months in the
summer, arctic air masses are shillow and
rapidly lose their characteristics ns they move
southward.
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Attenuation

Cold High

Continental Air

Convection

Cumvulus {cloud)

Cumulonumbus {cloud)
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In physics, any process in which the flux
density (or power, amplitude, intensity,
illuminance etc., ) of a ""parallel beam'’ of
energy decreases with increasing distance from
the energy source, Attenuation is always due
to the action of the transmitting medium itself
(mainly by absorption and scattering).

At a given level in the atmosphere, any
high that is generally characterized by
colder air near its center than around its
periphery.

A type of air with characteristics developed
over a large land area and which, therefore,
has a basic continental characteristic of
relatively low moisture content.

In general, mass motions within a fluid
resulting in transport and mixing of the
properties of that fluid, Convection, along
with conduction and radiation, is a principal
means of energy transfer. As specialized in
meteorology, atmospheric motions that are
predominantly vertical, resulting in vertical
transport and mixing of atmospheric properties;
distinguished from advection.

A principal cioud type in the form of individual,
detached elements that are generally dense and
possess sharp nonfibrous outlines. These
elements develop vertically, appearing as rising
mounds, domes, or towers,

A principal cloud type, exceptionally dense
and verticaliy developed, occurring either as
isolated clouds or as a line or wall of clouds
with separated upper pertions., These clouds
appear as huge towers or '"thunderheads.™ Its
precipitation is often heavy and always of a
showery nature. The usual occurrence of
lightning ard thunder within or from the cloud
leads to the popular name-thundercloud.
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Correlation Coefficient

Cyclone (ic)

Fog

Gradient

High Pressure System

Inversion

Isobar

- Zmz-
SR
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Measurement of the linear association between
two variables,

Having a sense of rotation about the local
vertical the same as that of the earth's
rotation: that is, as viewed from above,
counter~clockwise in the Northern Hemisphere,
clockwise in the Southern Hemisphere,
undefined at the equator. Because cyclonic
circulation and rclatively low pressure usually
co-exist, in common practice the terms
cyclone and low are used interchangeably.

A hydrometeor consisting of a visible aggregate
of minute water droplets suspended in the
atmosphere near the earth's surface.

The space rate of decrease of a function.

Referring to a maximum of atmrospheric
pressure in two dimensions on the synoptic
surface chart. Since a high on the synoptic
chart is always associated with anticyclonic
circulation, the term is used interchangeably
with anticylone,

In meteornlogy, 4 departure from the usual
decrease or increase with altitude of the vaiue
of an atmospheric property; also, the layer
through which this departure eccurs (the
"inversion layer"). The terrn generally means
a temperature inversion although others are
defined.

A line of egual or constant pressure; an
isopleth of pressure. In meteorology, it most
often refers to a line drawn through all points of
equai atmospheric pressure along a given
reference surface.
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Land and Sea Breeze

Lapse (rate)

Low Pressure System

Maritime Air

Meso-scale

icro~scale

Mirage

The complete cycle of diurnal local winds
occurring on sea coasts due to the differences
in surface temperature of the land and sea. The
land breeze corponent of the system blows
from land to sea and the sea breeze blows from
sea to land.

The decrease of an atmospheric variable
with height; the variable generally being
temperature, unless otherwise specified.

Referring to 2 minimum of atmospheric pressure
in two dimensions on a surface synoptic chart.
Since a low on a synoptic chart is always
associated with cyclonic circulation, the term
is used interchangeably with cyclone.

¢
A type of air with characteristics developed
over an extensive water surface which, therefore,
has the basic maritime quality of high moisture
content in at least its lower levels,

The study of meteorological processes larger
than the micrcmeteorological processes, but
smaller than the cyclonic scale. For example,
the weather beyond range oi normal observation,
but between weather stations; something that
could be undetected by two stations, such as
tornadoes and thunderstorms. Also included

in this scale are local eifects, such as influence
of topographic features.

The study of the smallest scale features of
weather is micrometeorology; €.g., boundary
layer phenomena zuch as temperature changes
from the surface to a few feet above the surface
over a small field, etc.

A refraction pnenomenon wherein an image of
some object is made to appear displaced from
its true position, The abnormal refraction
responsible for mirages is invariably associated
with abnormal temperature distributions that
yield abnormal spatial variations in the
refractive index,
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Monsoons ~

Polar Air

Radiational Cooliug

Radiosonde

Rain Forest

Refractometer

A name for seasonal winds, first applied to
winds over the Arabian Sea, but later extended

to similar winds in other parts of the world.

The primary cause is the much greater annual
variation of temperature over large lana areas
compared with neighboring ocean surfaces,
causing an excess of pressure over the continents
in winter and deficit in summer, but other
factors such as the relief features of the land
have a considerable effect.

A type of zir with characteristics developed
over high latitudes, especially within the sub-
polar highs. Continental polar air (cP) has a
low surface temperature, low moisture content,
and especially in its source regions, has great
stability. It is shallow in comparison with
arctic air. Maritime polar air (mP) is initially
similar to continental air, but in passing over
warmer water it becomes unstable with a higher
moisture content.,

In meteorology, the cooling of the earth's surface
and adjacent air, accomplished (mainly at night)
whenever the earth's surface suffers a net loss
of heat due to terrestrial radiation.

A balloon-borne instrument for the simultaneous
measurement and radio transmission of
meteorological data; primarily on pressure,
temperature, and humidity in the vertical scale,

Generally, a forest which grows in a region of
heavy annual rainfall. In tropical rainforests
trees may be 150 ft tall and grow so close
together that the crowns form a dense canopy
that prevents much of the sunlight from pene-
trating to the ground.

An irscrument for measuring the index of
refraction of a liquid, gas, or solid. Refracto-
meters in gereral use in meteorology operate in
the microwave region and are based on the
principle that the resonant frequency of a cavity
depends on the dielectric constant of its contents.
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Squall Line Any line or narrow band of active thunderstorms;
a mature instability line,

Standard Propagation The propagation of radio energy over a smooth :
Conditions epherical earth of uniform dielectric constant
and conductivity under conditions of standard T

refraction in the atmosphere, that is, an
atmosphere in which the index of refraction
decreases uniformly with height at a rate of
12-N-units/1000 ft or about 40 N-units/1000 m,

Subrefractive Refraction by an atmosphere or section of the
Conditions atmosphere in which there is a positive gradient s
of refractive index with height,

Subsidence A descending mction cf air in the atmosphere, -
usually with the implication that the condition -
extends over a rather broad area. .-

Superrefractive Refraction by an atmospLkere or section of the

Conditions atmosphere in which the index of refraction o
decreases with height at approximately twice N
the normal rate. s

Synoptic Situation The general state of the atmosphere as described

by the major features of synoptic charts; the
existing weather conditions over a wide area at
a particular time as visualized on an anajyzed
weather map.

Synoptic Climatology The study and analysis of climate in terms of
synoptic weather information, principally in
the form of synoptic charts,

o

Thunderstorm In general, a local storm produced by 1
cumulonimbus ciouds, and always accompanied
by lightning a.d thunder, usually with strong !
gusts of wind, heavy rain, and sometimes hail.
It is usually of short duration, scldowm over
2 hr for any one storm. .t

"
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Trade Winds

Tropical Air

Turbulence

Warm High

The wind system, occupying most of the
tropics, which blows from the subtropical
highs toward the equatorial trough; a major
component of the general circulation of the
atmosphere,

A type of air with characteristics developed
over low latitudes, Maritime tropical air (mT),
the principal type, is produced over the tropical
and sub-tropical seas., It is very warm and
humid, and is frequently carried poleward by the
circulation of the subtropical highs.

A state of fluid flow in which the instantaneous
velocities exhibit irregular and apparently
random fluctuations so that in practice only
statistical properties can be recognized and
subjected to analvsis.

At a given level in the atmosphere, any high

that is warmer at its center than at its
periphery.
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